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ABSTRACT 
Design,  f a b r i c a t i o n ,  and test  of a l a r g e  d i a m e t e r ,  f l i g h t  w e i g h t ,  amni- 
d i r e c t i o n a l  f l e x i b l e  s e a l  meet ing t h e  requ i rements  of t h e  260-in.-dia s o l i d  r o c k e t  
motor were accomplished.  A s i m p l i f i e d  f l e x i b l z  e lement  f o r  t h e  s e a l  was des igned 
which c o n s i s t e d  of uniform,  c o n i c a l  shapes  of r u b b e r  and s t e e l  l a y e r s .  I n d i v i d u a l  
components of t h e  f l e x i b l e  s e a l  were assembled t o  form t h e  completed u n i t  by 
secondary bonding i n  s u c c e s s i v e  s t e p s  u s i n g  an  ambient t empera tu re  curing a d h e s i v e  
sys tem.  T e s t  d a t a  confirmed t h a t  t h e  s e a l  met t h e  performance requ i rements  pre-  
d i c t a b l y  and t h e  performance l i m i t s  exceeded t h e  d e s i g n  requ i rements .  
v i i i  
I .  SUMMARY 
This is  t h e  f i n a l  r e p o r t  f o r  t h e  Nozzle F l e x i b l e  S e a l  Program performed 
under NASA Cont rac t  NAS3-12049. The o b j e c t i v e  of t h e  program was t o  demons t ra te  
t h e  c a p a b i l i t y  t o  manufacture  l a r g e  d i a m e t e r ,  f l i g h t w e i g h t ,  l amina ted ,  onmi- 
d i r e c t i o n a l  f l e x i b l e  s e a l s  meet ing t h e  requ i rements  of t h e  260-in.-dia s o l i d  
r o c k e t  motor. 
The scope of work accomplished i n c l u d e d  d e s i g n ,  f a b r i c a t i o n ,  t e s t  and 
e v a l u a t i o n  of two f l e x i b l e  s e a l s  meet ing a l l  t h e  requ i rements  f o r  use  i n  t h e  
t h r u s t  v e c t o r  c o n t r o l  sys tem of  t h e  260-in.-dia motor. The t o t a l  work e f f o r ~  
was d i v i d e d  i n t o  Task I ,  Design; Task 11, Laboratory  Support  S e r v i c e s ;  Task 111, 
F a b r i c a t i o n ;  and Task I V ,  T e s t .  
Plajor e lements  of t h e  f i n a l i z e d  s e a l  d e s i g n  were:  
. Forward p i v o t  d e s i g n  concept  
. Conical  r e in forcement  shims w i t h  c o n s t a n t - t h i c k n e s s  e l a s t o m e r  p a d s  
. C y l i n d r i c a l  s e a l  body, 108-in.  I . D .  and 116-in.  O . D .  
. Five  e las tomer  p a d s ,  0 .3 - in . - th ick  n a t u r a l  rubber  
Four re in forcement  shims, 0 .7 - in . - th ick  s t e e l  
A l l  shims were i d e n t i c a l  i n  d e s i g n  a l lowing  f o r  i n t e r c h a n g e a b i l i t y ,  The 
s imple  geometry of t h e  shims enab led  d e s i g n  dimensional  t o l e r a n c e s  t o  be r e a d i l y  
met w i t h  minimum d i f f i c u l t y  and hence minimum f a b r i c a t i o n  c o s t .  The Gen-Shear 
44125 pads were net-molded i n  segments compris ing 118 of t h e  c i rcumference  (45" 
e a c h ) ,  us ing  a two-cavity h e a t e d  mold and p r e s s .  F a b r i c a t i o n  i n  segments enabled 
u s e  of a s m a l l  mold and minimized t h e  f a b r i c a t i o n  t o o l i n g  c o s t .  Each molded seg- 
ment was thoroughly i n s p e c t e d  and on ly  those  meeting r i g i d  accep tance  s t a n d a r d s  
were a u t h o r i z e d  f o r  use  i n  s e a l  f a b r i c a t i o n .  Q u a l i t y  of t h e  e l a s t o m e r  pads w a s  
t h u s  a s s u r e d  b e f o r e  t h e i r  commitment f o r  use  i n  a s e a l ,  t h u s  minimizing t h e  r i s k  
of r e j e c t i o n  i n  f i n a l  assembly.  The e l a s t o m e r  pads  and re in forcement  shims were 
bonded t o g e t h e r  w i t h  Chemlok 304 ambient t empera tu re  c u r i n g  epoxy r e s i n .  Lnteg- 
r i t y  of each b o n d l i n e  was v e r i f i e d  by n o n d e s t r u c t i v e  t e s t i n g  p r i o r  t o  proceeding 
w i t h  bonding of s u c c e s s i v e  components i n  t h e  assembly.  These d e s i g n  f e a t u r e s  
and f a b r i c a t i o n  methods r e s u l t e d  i n  h i g h  q u a l i t y  s e a l s  a t  minimum c o s t .  
The two s e a l s  were f a b r i c a t e d  and s u b j e c t e d  t o  performance t e s t i n g  t o  
verify a tea inment  of performance requ i rement .  I n  t h e s e  t e s t s ,  t h e  s e a l s  were 
7 6  
s u b j e c t e d  LO 850 p s i g  (5.85 x  l o 6  N/mb) chamber p r e s s u r e ,  1 .15  x 10 l b  (5 .11 
x 1c6 N) e j e c t i o n  f o r c e  and + 2 O  (0.0349 r a d )  d e f l e c t i o n .  The a c t u a t i o n  t o r q u e  
6 f o r  - 13' (0.0349 r a d )  d e f l e c t i o n  w i t h o u t  t h e  p r o t e c t i v e  boo t  was 4 .98 x  1 0  i n . -  
6  
Lb ~5.65 x 1 0  N-m) which i s  i n  good agreement w i t h  t h e  d e s i g n  v a l u e  of 5 x  10 6 
6  in . - . lb  (5.65 x l o 6  N-m) f o r  1 m i l l i o n  l b  (4 .45 x  10 N )  e j e c t i o n  l o a d .  Experi-  
mental  d a t a  confirmed compliance w i t h  performance requirement  and v e r i f i e d  t h e  
adequacy of a n a l y t i c a l  t echn iques  used.  A f t e r  performance t e s t i n g ,  one s e a l  was 
s u b j e c t e d  t o  d e s t r u c t i v e  t e s t .  T h i s  t e s t  sequence i n c l u d e d  o v e r - d e f l e c t i o n  t o  
3+3" (0,0575 r a d ) ,  f a t i g u e  t e s t  of approximately  1000 c y c l e s ,  and e x c e s s i v e  load-  
6  i n g  up to 1 . 5  x  1 0  l b  (6.67 x  l o 6  N) e j e c t i o n  l o a d .  F a i l u r e  was n o t  o b t a i n e d  
and t e s t i n g  was d i s c o n t i n u e d  a t  t h e s e  c o n d i t i o n s  which r e p r e s e n t  l i m i t s  of t e s t  
equ ipnen t  and f a c i l i t y  c a p a b i l i t y .  
I n  summary, t h e  program r e s u l t e d  i n  a  s e a l  d e s i g n  and f a b r i c a t i o n  method 
offering s i g n i f i c a n t  advantages  i n c l u d i n g  low c o s t  and h igh  i n h e r e n t  r e l i a b i l i t y .  
TWG s e ~ l s  were f a b r i c a t e d  and t e s t e d  t o  demonstra te  adequacy of t h i s  d e s i g n  i n  
meet ing t h r u s t  v e c t o r  c o n t r o l  r equ i rements  of t h e  260-in.-dia motor.  These r e s u l t s  
constitute a  major s t e p  i n  development of f l e x i b l e  s e a l  technology.  
11, -- INTRODUCTION 
A f l e x i b l e  s e a l  movable n o z z l e  a s  t h e  means of v e c t o r i n g  t h e  t h r u s t  of t h e  
l a r g e  s o l i d  r o c k e t  motor o f f e r s  t h e  p o t e n t i a l  advantages  of s i m p l i c i t y ,  w e i g h t ,  
and cost a s  compared t o  o t h e r  c a n d i d a t e  methods o f  t h r u s t  v e c t o r  c o n t r o l .  The 
f l e x i b l e  s e a l  h a s  emerged from o n l y  a  concept  a  few y e a r s  ago t o  a  dev ice  c u r r e n t l y  
developed f o r  use  on s e v e r a l  m i s s i l e  sys tems.  The s e a l  f l e x i b l e  e lement  c o n s i s t s  
of c o n c e n t r i c  s p h e r i c a l  l amina ted  l a y e r s  of e l a s t o m e r  and m e t a l  shims. S e a l s  have 
been f a b r i c a t e d  by e i t h e r  i n j e c t i o n  molding o r  layup of uncured e l a s t o m e r  between 
shims w i t h  t h e  f l e x i b l e  e lement  cured a s  a  u n i t .  
Because of t h e  l a r g e  n o z z l e  s i z e  and low magnitude of s t e e r i n g  r e q u i r e -  
ments f o r  a  260-in.-dia s o l i d  r o c k e t  b o o s t e r ,  f l e x i b l e  s e a l s  f o r  t h i s  a p p l i z a -  
t i o n  need t o  be manufactured i n  a l e s s  complicated manner than  i s  c u r r e n t l y  
p r a c t i c a l .  Accordingly ,  a  program was under taken  t o  d e s i g n ,  f a b r i c a t e ,  and t e s t  
two f l e x i b l e  s e a l s  of a  s i z e  meet ing 260-in.-dia motor requ i rements .  The demon- 
s t r a t e d  c a p a b i l i t y  t o  f a b r i c a t e  s e a l s  of t h e  r e q u i r e d  s i z e  i s  n e c e s s a r y  f o r  t h e  
p r o p e r  c o n s i d e r a t i o n  of f l e x i b l e  s e a l  movable n o z z l e s  f o r  l a r g e  s o l i d  r o c k e t  
motors.  
111. TASKI-DESIGN 
A.  DESIGN CRITERIA 
The f l e x i b l e  s e a l  was des igned t o  meet t h e  requ i rements  of a 260-in.  
(6.6 m) s o l i d  r o c k e t  motor.  Bas ic  d e s i g n  c r i t e r i a  and performance s p e c i f i c a t i o n s  
were e s t a b l i s h e d  by c o n t r a c t  requirements  a s  f o l l o w s :  
1. The s e a l  s h a l l  be des igned t o  be  used on a  motor n o z z l e  w i t h  a 
t h r o a t  d iamete r  of 90.0  i n .  (2.28 m) and an e n t r a n c e - t o - t h r o a t  i n i t i a l  a rea  r a t i o  
oT 2 : l .  Allowance s h a l l  be  made f o r  a  nominal 5-in.  a b l a t i v e  m a t e r i a l  t h i c k n e s s  
a t  t h e  t h r o a t  p l a n e  e x c l u s i v e  of overwrap.  
2. The s e a l  s h a l l  be des igned f o r  a  motor maximum expec ted  o p e r a t i n g  
6  2 p r e s s u r e  (MEOP) of 750 p s i a  (5.16 x 1 0  N / m  ) .  
3. The f l e x i b l e  s e a l  s h a l l  be f l i g h t w e i g h t  and s h a l l  c o n s i s t  of 
chamber and n o z z l e  a t t achment  f l a n g e s ,  t h e  f l e x i b l e  e lement ,  and t h e  i n s u l a t i o n  
boo t  t o  p r o t e c t  t h e  s e a l  a g a i n s t  t h e  the rmal  environment of t h e  motor ,  
4 .  Required v e c t o r  d e f l e c t i o n  a n g l e  of t h e  s e a l  s h a l l  be i n  accord- 
ance w i t h  F igure  1. 
5 .  The f o l l o w i n g  minimum f a c t o r s  of s a f e t y  s h a l l  app ly  t o  t h e  
f l e x i b l e  s e a l  des ign :  
Paramete r  
Metal Skre:5ses 
S a f e t y  F a c t o r  Condi t ion 
1 .25 MEOP and Vectored 
Metal S t r e s s e s  1 .25 MEOP and N u l l  
Elastomer and Bond Line Tension 2.0 Ambient P r e s s u r e  and Vectored 
Xetal  Sh in  Compression and Buckling 1 . 2 5  MEOP and Vectored o r  N u l l ,  
whichever  i s  worse.  
Elastomer and Bond Line Shear  2 .0  MEOP and Vectored o r  N u l l ,  
which e v e r  i s  worse .  
B e  PRELIMINARY NOZZLE DESIGN 
P r e l i m i n a r y  des ign  of a n o z z l e  was p r e p a r e d  t o  d e f i n e  t h e  enve lope  
and requirements  f o r  t h e  d e t a i l e d  des ign  o f  t h e  f l e x i b l e  s e a l .  Requirements 
~ p p l i c a b i e  t o  a  f u l l  l e n g t h  260-in. (6.6 m) motor t h a t  i s  s u i t a b l e  f o r  t h e  260/ 
S-15' v e h i c l e  were i n c o r p o r a t e d  i n t o  t h e  n o z z l e  des ign .  T e s t  d a t a  o b t a i n e d  from 
p r e v i o u s  260-in, (6.6 m) d i a  motor t e s t s  were u t i l i z e d  i n  t h e  d e s i g n  a n a l y s i s .  
The n o z z l e  d e s i g n ,  F igure  2 was s imilar  t o  t h a t  f o r  t h e  260-SL-3 
n o z z l e ,  Reference 1, e x c e p t  t h e  con tour  was s c a l e d  t o  a 90-in. (2 .28 m) t h r o a t  
d i a x e t e r .  The submergence con tour  from t h e  e n t r a n c e  l e a d i n g  edge t o  t h e  t h r o a t  
p l a n e  was a 3:2 e l l i p t i c a l  shape w i t h  a  major  a x i s  corresponding t o  75% of t h e  
throat r a d i u s .  A f t  of t h e  t h r o a t  p l a n e ,  t h e  s u r f a c e  c u r v a t u r e  w a s  e q u a l  t o  t h e  
throat rad ius  and was t a n g e n t  t o  t h e  n o z z l e  d ivergence  con tour .  A be l l - shaped  
contour  with an expansion r a t i o  of 8.5 was s e l e c t e d  f o r  t h e  d ivergence  s e c t i o n .  
Using a nominal  5 - in .  (1.27 m) n o z z l e  a b l a t i v e  a t  t h e  t h r o a t  p l a n e  
as the b a s e l i n e ,  a b l a t i v e  t h i c k n e s s e s  a t  o t h e r  n o z z l e  s t a t i o n s  were e x t r a p o l a t e d  
on the b a s i s  of t h e r m a l  d e g r a d a t i o n  requ i rements .  Nozzle e r o s i o n  and char  d a t a  
from 260 i n .  (6.6 m) d i a  motor t e s t s  were a d j u s t e d  f o r  d i f f e r e n c e s  i n  t h r o a t  d i a -  
meter =rid motor p r e s s u r e  u s i n g  B a r t z P s  t h e o r y ,  Refe rence  2 ,  and a p p l i e d  t o  t h e  
thermal d e g r a d a t i o n  p r e d i c t i o n .  P r e d i c t e d  e r o s i o n ,  c h a r ,  and 100°F (311°K) i s o t h e r m  
depths a t  t h e  v a r i o u s  n o z z l e  s t a t i o n s  were o b t a i n e d  as t a b u l a t e d  i n  Tab le  I. 
S t r u c t u r a l  s u p p o r t  of t h e  n o z z l e  a b l a t i v e ,  as w e l l  a s  t h e  f l e x i b l e  
s e a l ,  was p rov ided  by s t e e l  components. A n o z z l e  s h e l l  was des igned  t o  main ta in  
t h e  stress and s t r a i n  l e v e l s  i n  t h e  a b l a t i v e  l i n e r  w i t h i n  t h e  a l lowable  mater ia l  
p r o p e r t i e s .  A b o l t e d  j o i n t  was i n c o r p o r a t e d  i n  t h e  s h e l l  f o r  assembly t o  the 
forward end of t h e  s e a l .  The a f t  end  of t h e  s e a l  was assembled t o  a  s t e e l  c o n i c a l  
c l o s u r e ,  which a l s o  had p r o v i s i o n s  f o r  assembly of t h e  n o z z l e  t o  t h e  rnococ c a s e ,  
From t h i s  n o z z l e  d e s i g n ,  i t  can b e  s e e n  t h a t  t h e  envelope f o r  t h e  
des ign  of t h e  f l e x i b l e  s e a l  was l i m i t e d  by t h e  n o z z l e  s h e l l  and c o n i c a l  c l o s u r e  
c o n f i g u r a t i o n s .  Because of t h e  advantages  o f  lower weight  and a c t u a t i o n  t o r q u e ,  
t h e  s e a l  was s e l e c t e d  s o  t h a t  t h e  i n s i d e  d iamete r  was as s m a l l  a s  p r a c t i c a l .  within 
t h e  envelope c o n s t r a i n t s .  Th i s  d iamete r  was 108 i n .  (2.74 m) . I n  a d d i t i o n  t o  t h e  
envelope l i m i t a t i o n ,  s e l e c t i o n  of t h e  i n t e r f a c e  des ign  between t h e  s e a l  a s d  t h e  
n o z z l e  s t r u c t u r e s  i n c l u d e d  c o n s i d e r a t i o n  of assembly and disassembly of t h e  s e a l  
w i t h o u t  i n t e r f e r e n c e  w i t h  t h e  n o z z l e  a b l a t i v e  components. 
C .  FORWARD AND AFT PIVOT SEAL COMPARISON 
Within  t h e  envelope d e f i n e d  by t h e  n o z z l e  des ign  o u t l i n e d  above,  
f l e x i b l e  s e a l s  w i t h  t h e  p i v o t  p o i n t  l o c a t e d  e i t h e r  forward o r  a f t  of t h e  nozzle 
t h r o a t  p l a n e  can be  des igned.  I n  t h e  i n i t i a l  s e a l  des ign  e f f o r t ,  bo th  forward 
and a f t  p i v o t  des ign  concepts  were i n v e s t i g a t e d  and comparat ively  e v a l u a t e d .  
To f a c i l i t a t e  t h i s  comparative s t u d y ,  t h e  same b a s i c  s e a l  c o n f i g u r a t i o n  
was used f o r  b o t h  concepts .  D i f f e r e n c e s  i n  r o t a t i o n a l  ang le  requirement  jl,iP5" 
( .034 r a d )  vs 1.72' (.030 r a d )  ] between t h e  two concepts  were n e g l e c t e d .  Tne 
same f l e x i b l e  e lement  w a s  used ,  which c o n s i s t e d  of f i v e  l a y e r s  of 0 . 3  i n ,  (, 0076 n) 
r u b b e r  pads t h a t  were s u p p o r t e d  a l t e r n a t e l y  by f o u r  0 . 7  i n .  ( .0178 m) s t e e l .  c o n i c a l  
shims. The s e a l  geometry was a  c y l i n d r i c a l  body w i t h  a  108  i n .  (2.7i:  m) I . D .  and 
116 i n .  (2.95 m) O . D .  P r e l i m i n a r y  stress a n a l y s i s  of t h i s  s e a l  d e s i g n ,  Table  11, 
i n d i c a t e d  t h a t  s h e a r  stress i n  t h e  r u b b e r  pads and compressive and b u c k l i n g  
s t r e s s e s  i n  t h e  s t e e l  shims met t h e  d e s i g n  c r i t e r i a .  The s e a l  r o t a t i o n a l  t o r q u e  
was 13.4% h i g h e r  f o r  a forward p i v o t  s e a l  w i t h  t h e  l a r g e r  r o t a t i o n a l  ang le  
requ i rement .  
Some d i f f e r e n c e s  were apparen t  between t h e  n o z z l e  des igns  f o r  t h e  
forward ~ i n d  a f t  p i v o t  seal  concep ts ,  as shown i n  F i g u r e s  3  and 4, r e s p e c t i v e l y .  
Welglzts of t h e  two n o z z l e  des igns  were c a l c u l a t e d  f o r  comparison. The w e i g h t  
comparison i n  Table  111 i n d i c a t e d  t h a t  t h e  n o z z l e  w i t h  a forward p i v o t  s e a l  was 
565 Ib (256 Kg) l e s s  t h a n  an a f t  p i v o t  s e a l .  I n  terms of c o s t ,  t h e  w e i g h t  
d i f f e r e n c e  was e q u i v a l e n t  t o  $9600 c a l c u l a t e d  on a  d o l l a r  p e r  l b  b a s i s  f o r  t h e  
various n o z z l e  m a t e r i a l s .  
For t h e  comparison of a c t u a t i o n  sys tem requ i rements  between forward 
as,d aft p i v o t  seals, s e a l  r o t a t i o n  t o r q u e ,  i n t e r n a l  aerodynamic,  a x i a l  a c c e l e r a t i o n  
wLd i n e r t i a  t o r q u e s  were c a l c u l a t e d .  Although t h e  t o t a l  t o r q u e  was 55% h i g h e r  
for a forward p i v o t  s e a l ,  t h e  a c t u a t i o n  f o r c e  was a c t u a l l y  l e s s  because  of t h e  
longer noment a r m  a s  shown i n  Tab le  I V .  Assuming an a c t u a t o r  f l u i d  p r e s s u r e  of 
20CO p s i  (13.8  x l o 6  ~ / m ~ )  and t h e  t o t a l  s t r o k e  f o r  - +2" (.0349 r a d ) ,  h y d r a u l i c  
system f low rates of 60 and 43  GPM (-00379 and .00271 m3/sec) were r e q u i r e d  f o r  
the f c rda rd  and a f t  p i v o t  s e a l s ,  r e s p e c t i v e l y .  
A  summary of t h i s  comparative s t u d y  i n d i c a t e d  t h e  f o l l o w i n g  advantages  
o f  the  forward p i v o t  s e a l  concept : (1)  lower  w e i g h t ,  (2) lower  c o s t ,  (3) s i m p l i -  
city of n o z z l e  a b l a t i v e  component des ign  i n  t h e  submerged c a v i t y ,  (4) l o n g e r  moment 
arn to r e a c t  t h e  a c t u a t o r  t o r q u e .  Advantages n o t e d  f o r  t h e  a f t  p i v o t  s e a l  concept  
were: (1) lower t o t a l  a c t u a t i o n  t o r q u e ,  (2) e l i m i n a t i o n  of a c t u a t o r  c r o s s - t a l k  
wi" t h e  p l a n e  of a c t u a t o r  a t t achment  c o i n c i d e n t  w i t h  t h e  p i v o t  p o i n t ,  and (3) lower 
a c c u a t i o r  sys tem h y d r a u l i c  f low r a t e  requ i rement .  From t h e  r e s u l t s  of t h i s  s t u d y ,  
t h e  E o m i i ~ d  p i v o t  s e a l  concept  was s e l e c t e d  f o r  d e t a i l e d  d e s i g n .  Concurrence of 
the NAS~?,/L~RC Program Manager w i t h  t h i s  s e l e c t i o n  was o b t a i n e d .  
D. DETAILED FLEXIBLE SEAL DESIGN 
1. Design S e l e c t i o n  
I n  a d d i t i o n  t o  t h e  d e s i g n  c r i t e r i a  l i s t e d  i n  S e c t i o n  A, t h e  
following requ i rements  were determined from t h e  p r e l i m i n a r y  n o z z l e  d e s i g n  s t u d y  
f o r  i n c l u s i o n  i n  t h e  f i n a l  des ign  and a n a l y s i s  of t h e  f l e x i b l e  s e a l :  
E j e c t i o n  f o r c e  1,000,000 l b  (4.45 x N) 
Nozzle d e f l e c t i o n  a n g l e  - f1 .95 degree  (.034 r a d )  
A v a i l a b l e  seal r o t a t i o n  t o r q u e  5 .0  x  l o 6  i n . - l b  (.565 x 1136 N-n) 
A v a i l a b l e  t o t a l  a c t u a t i o n  f o r c e  114,000 l b  (5.07 x  105 N) 
Weight of n o z z l e  movable p a r t s  50,000 l b  (2.27 x  104 Kg) 
The s e l e c t e d  f l e x i b l e  s e a l  des ign  i s  shown i n  F igure  5. For 
s i m p l i c i t y  i n  des ign  and f a b r i c a t i o n ,  a  s e a l  w i t h  a  c y l i n d r i c a l  body and c o n i c a l  
f l e x i b l e  e lements  was s e l e c t e d .  The i n s i d e  and o u t s i d e  d iamete r s  of t h e  s e a l  
were 108 i n .  (2.74 m) and 116 i n .  (2.94 m) . The ang le  measured from t h e  n o z z l e  
c e n t e r l i n e  t o  t h e  c e n t r o i d  of t h e  s e a l  was 50 degree  ( .873  r a d ) .  To meet t h e  
r o t a t i o n a l  ang le  requ i rement ,  t h e  f l e x i b l e  e lements  of t h e  s e a l  c o n s i s t e d  of f i v e  
l a y e r s  of 0 .30 i n .  (. 0076 m) r u b b e r  p a d s ,  which were i n d i v i d u a l l y  suppor ted  by 
f o u r  0.70 i n .  ( .0178 m) s t e e l  shims. S t e e l  end r i n g s ,  which have p r o v i s i o n s  for 
assembly of t h e  s e a l  t o  t h e  n o z z l e ,  completed t h e  s e a l  des ign .  
An e l a s t o m e r i c  b o o t  f o r  the rmal  p r o t e c t i o n  of t h e  s e a l  f rolx  the 
motor exhaus t  g a s  environment was des igned  t o  f i t  i n t o  t h e  envelope d e f i n e d  b y  
t h e  n o z z l e  des ign  w i t h  c o n s i d e r a t i o n  of t h e  r e q u i r e d  d e f l e c t i o n  a n g l e ,  An S-shaped 
c o n f i g u r a t i o n ,  F igure  5 ,  was s e l e c t e d  s o  t h a t  s t r e t c h i n g  of t h e  boo t  was minimized 
d u r i n g  s e a l  d e f l e c t i o n .  
2 .  M a t e r i a l  S e l e c t i o n  
Gen-Shear 44125 rubber ,  a n a t u r a l  r u b b e r  p r o d u c t  from General  
T i r e  and Rubber Company, w a s  s e l e c t e d  as t h e  r u b b e r  pad m a t e r i a l .  The p r o p e r t i e s  
of t h i s  m a t e r i a l  were o b t a i n e d  from m a t e r i a l  c h a r a c t e r i z a t i o n  s t u d i e s  p e r f  oicmed 
under Task I1 of t h i s  program and A e r o j e t  Independent  Research and Development 
Program. P r o p e r t i e s  t h a t  were used i n  t h e  s e a l  d e s i g n  a n a l y s i s  i n c l u d e d  the 
fo l lowing  : 
Young's modulus (E) 8 1  p s i  (5.59 x l o5  N/m2) 
Shear  modulus (6) 27 p s i  (1.86 x 105 N/m2) 
Bii1k modulus (K) 287,000 p s i  (1.98 x l o 9  N/m2) 
Ul t imate  s h e a r  s t r e n g t h  (Fsu) 403 p s i  (2.78 x 106 ~ / m ~ )  
1J:Ltimate t e n s i l e  s t r e n g t h  (Ftu) 500 p s i  (3.45 x 106 N/m2) 
UILtimate s h e a r  s t r a i n  ( j '  ) 
U 
700 % 
Young's n~odulus  ( E )  was assumed t o  b e  t h r e e  t imes  t h e  s h e a r  modulus. To m a i n t a i n  
conservat:ism i n  t h e  d e s i g n ,  t h e  upper l i m i t  v a l u e  of t h e  s h e a r  modulus was used.  
This v a l u e ,  27 p s i  (1.86 x 105 N/rn2), i s  about 8% g r e a t e r  t h a n  t h e  average s h e a r  
modulus of 25 p s i  (1.725 x 105 ~ / m 2 )  o b t a i n e d  i n  t e s t s .  P o i s s o n ' s  r a t i o  (") was 
c a l c u l a t e d  from t h e  e l a s t i c i t y  r e l a t i o n s h i p  between b u l k  modulus and s h e a r  modulus: 
From this e x p r e s s i o n  P o i s s o n ' s  r a t i o  was found t o  b e  0.49995. 
S t e e l  shims and end r i n g s  o f  t h e  s e a l  were  made from normal ized  
AISb 4130 s t e e l  h a v i n g  t h e  f o l l o w i n g  p r o p e r t i e s  : 
Youngv s Modulus (E) 29 x l o 6  p s i  (2 .0  x 10" N/m2) 
T e n s i l e  y i e l d  s t r e n g t h  (F ) 
t~ 
70,000 p s i  (4 .83  x 108  N/m2) 
Compressive y i e l d  s t r e n g t h  (Fey) 70,000 p s i  (4 .83 x l o 8  N/m2) 
P o i s s o n ' s  r a t i o  (v) 0 .3  
The n o z z l e  s h e l l  and c o n i c a l  c l o s u r e  were assumed t o  b e  made 
from high n i c k e l  maraging s t e e l  h a v i n g  a minimum t e n s i l e  y i e l d  s t r e n g t h  of 200,000 
p s i  (1 .38  x 109 N/m2). 
A b u t a d i e n e  a c r y l o n i t r i l e  r u b b e r ,  V-45, was s e l e c t e d  as t h e  
elastomeric b o o t  m a t e r i a l  a f t e r  comparat ive  e v a l u a t i o n  w i t h  o t h e r  c a n d i d a t e  
materials. This  m a t e r i a l  h a s  t h e  f o l l o w i n g  p r o p e r t i e s ,  which were used f o r  
design and a n a l y s i s  of t h e  b o o t :  
Shore "A" ha rdness  
T e n s i l e  s t r e n g t h  
E longa t ion  
85 maximum 
2000 p s i  (1 .38 x l o 7  F!/rn2) 
200% 
Btu (389 j o ~ l e  T h e r m a l c o n d u c t i v i t y , m a x ,  @150°F 0 .15 h r f t o F  
m sec°K 1 
Btu S p e c i f i c  h e a t ,  min, @ 150°F 0 .32 ---- l b  OF 
3. Design Ana lys i s  
a. F l e x i b l e  S e a l  End Rings and Nozzle Support  S t r i sc fu re  
Nozzle s u p p o r t  s t r u c t u r e  and s e a l  end r i n g s  were analyzed 
as two s e p a r a t e  assembl ies .  One assembly ( P a r t  A) c o n s i s t e d  o f  t h e  s e a l  a f t  r l n g  
and t h e  c o n i c a l  c l o s u r e .  The second assembly ( P a r t  B) i n c l u d e d  t h e  s e a l  forward 
r i n g  and t h e  n o z z l e  s h e l l .  Both assembl ies  were ana lyzed  by means of a f i ~ i t e  
e lement  computer program which c o n s i d e r s  t h e  s t r u c t u r e  t o  be an assemblage of 
q u a d r i l a t e r a l  r i n g s  connected a t  common n o d a l  p o i n t s .  D e t a i l s  of t h e  f o r m u l a t i o n  
and method of  s o l u t i o n  a r e  c o n t a i n e d  i n  Reference 3. 
I n  a n a l y z i n g  P a r t  A ,  t h e  s t r u c t u r e  was modeled by  the  g r i d -  
work shown i n  F igure  6 .  The f l a n g e  a t  P o i n t  A ( s e e  F igure  6 )  was assumed f i x e d  
and a  d e s i g n  p r e s s u r e  of 938 p s i  (6 .47 x  106 ~ / m ~ )  r1.25 x  750 p s i  (5,P7 x 406 
~ / m 2 ) ]  was a p p l i e d  t o  t h e  i n s i d e  s u r f a c e  of t h e  c l o s u r e .  I n  a d d i t i o n ,  t h e  e j e c r i o n  
f o r c e  was d i s t r i b u t e d  o v e r  t h e  forward s u r f a c e  of t h e  s e a l  a f t  r i n g .  In a c t u a l  
o p e r a t i o n  to rque  i s  a p p l i e d  t o  t h e  s e a l  r i n g  a s  a  s i n u s o i d a l l y  va ry ing  edge l o a d  
and h a s  t h e  e f f e c t  of i n c r e a s i n g  o r  d e c r e a s i n g  t h e  uniformly d i s t r i b u t e d  e jecti ion 
f o r c e  on t h i s  s u r f a c e .  S ince  t h e  computer program used i s  l i m i t e d  t o  axisynmetrric 
l o a d i n g  c o n d i t i o n s ,  t h e  des ign  v a l u e  of t h e  d i s t r i b u t e d  a x i a l  l o a d  was t aken  a s  t h e  
e j e c t i o n  f o r c e  p l u s  t h e  maximum v a l u e  due t o  torqlle.  A breakdown of  t h i s  l o a d l ~ g  
i s  i n d i c a t e d  below: 
E j e c t i o n  f o r c e :  1 ,000,000 x  1 , 2 5 1 2 ~  = 199,000 l b / r a d i a n  (8.86 x  105 K/rad) 
Torque : 5,000,000 x  1 . 2 5 1 5 6 ~  = 35,500 l b / r a d i a n  (1.58 x 105 N/rad> 
Design l o a d  = 234,500 l b l r a d i a n  ( l o , ,  44 x 105 N1ra.d) 
R e s u l t s  of t h e  a n a l y s i s  i n d i c a t e d  t h a t  t h e  maximum s t r e s s  
occurred a t  Element 31 i n  F igure  6.  The p r i n c i p a l  s t r e s s e s  i n  t h i s  e lement  were:  
2  Ra.dial stress - 2,250 p s i  (15.5 x  l o 6  N/m ) ( t e n s i o n )  
Axia l  s t r e s s  - 8 p s i  ( 5 5 . 1  x  1 0 3  N/rn2) ( t e n s i o n )  
Hoop s t r e s s  - 63,206 p s i  (436 x  106 N/m2) ( t e n s i o n )  
The margin of s a f e t y  b a s e d  on maximum s t r e s s  theory  was +O. 107.  The margin of 
safety based  on d i s t o r t i o n a l  energy f a i l u r e  (Von Mises) t h e o r y  y i e l d e d  a  s l i g h t l y  
l a rger  margin of s a f e t y  (+0.127) as a l l  p r i n c i p a l  s t r e s s e s  were t e n s i l e .  
Two l o a d i n g  c o n d i t i o n s  were  c o n s i d e r e d  i n  t h e  P a r t  B a n a l y s i s .  
(1)  P r e s s u r e  d i s t r i b u t i o n  c a l c u l a t e d  from compress ib le  
isentropic ( p  = 1 .2)  f low b a s e d  on a chamber p r e s s u r e  of 938 p s i  (6.47 x  106 
~ j r n 2 )  was a p p l i e d  on t h e  n o z z l e  s h e l l  s u r f a c e .  Th is  p r e s s u r e  was found t o  va ry  
f r o m  320 p s i  ( 2 . 2 1  x l o 6  ~ / m ~ )  a t  f l a n g e  A ( s e e  F igure  7) t o  938 p s i  (6.47 x  
106 ~ / r n ~ )  a t  s u r f a c e  B. A l o a d  was a l s o  a p p l i e d  a t  f l a n g e  A s o  t h a t  t h e  r e s u l t a n t  
hoxizontal r e a c t i o n  a t  C would e q u a l  t h e  d e s i g n  e j e c t i o n  f o r c e  of 1 ,250,000 l b  
(5.56 x 406 N). 
(2) Th is  l o a d i n g  c o n d i t i o n  was similar t o  t h e  f i r s t ,  e x c e p t  
that an i n t e r n a l  p r e s s u r e  of 938 p s i  (6.47 x 106 ~ / m ~ )  was added t o  t h e  e n t i r e  
s u r f a c e  of a r e a  D ( s e e  F igure  7 ) .  
Condi t ion  1 was more c r i t i c a l  t h a n  c o n d i t i o n  2  and t h e r e f o r e  
controlled t h e  des ign .  From t h e  computer a n a l y s i s ,  a l l  stresses i n  P a r t  B were 
below the a l lowable  y i e l d  and a l l o w a b l e  b u c k l i n g  of t h e  m a t e r i a l .  For t h e  most 
p a x ~  however, s t r a i n  was t h e  governing f a c t o r .  The h i g h e s t  s t r a i n  of 0.23% was 
a t  Element 2 9 ,  showing a margin of s a f e t y  of +0.087. 
The r e l a t i v e  movement a t  t h e  b e a r i n g  j o i n t  between t h e  n o z z l e  
shell and s e a l  forward r i n g  i s  shown i n  Table  V f o r  l o a d i n g  c o n d i t i o n  1. No j o i n t  
s e p a r a t i o n  e x i s t e d  even a t  f u l l  chamber p r e s s u r e .  
A t  t h e  a t t achment  j o i n t s  between t h e  s e a l  and t h e  n o z z l e  
s t r u c t u r e ,  t h e  i n t e r f a c e  l o a d  i s  normal ly  i n  compression from t h e  e j e c t i o n  f o r c e ,  
Even w i t h  t h e  maximum t o r q u e  of 5,000,000 i n . - l b  (5.65 x  105 N-m) t h a ~  can be  
a p p l i e d ,  t h e  s e p a r a t i n g  f o r c e  a t  t h e  j o i n t  i s  s m a l l .  The s i z e  and s p a c i n g  of 
t h e  a t t achment  b o l t s  were ,  t h e r e f o r e ,  governed by good d e s i g n  p r a c t i c e s  considercirg 
v i b r a t i o n  and h a n d l i n g  c o n d i t i o n s .  
b .  F l e x i b l e  S e a l  Assembly 
(1) S t r e s s  D i s t r i b u t i o n  
The s t r e s s  d i s t r i b u t i o n  w i t h i n  t h e  f l e x i b l e  e lements  
o f  t h e  s e a l  assembly was a l s o  determined by means of f i n i t e  e lement  computer 
programs. Programs, Reference 4 ,  t h a t  can c o n s i d e r  complete ly  i n c o m p r e s s i b l e  
m a t e r i a l s  a s  w e l l  a s  non-axisymmetric l o a d i n g  on axisymmetr ic  s o l i d s  of r e v o l u t i o n  
were used.  The b a s i c  a n a l y t i c a l  model used i n  t h e  a n a l y s i s  i s  shown i n  F igure  8 .  
Th is  model c o n s i d e r e d  t h e  e j e c t i o n  f o r c e  t o  be  a p p l i e d  uniformly through the c r o s s  
s e c t i o n  of t h e  s e a l  and a  f i x e d  boundary e x i s t e d  a t  t h e  s e a l  a f t  r i n g .  D e t a i l e d  
s o l u t i o n s  were run f o r  t h r e e  s p e c i f i c  l o a d i n g  c o n d i t i o n s :  
Condi t ion 1: E j e c t i o n  f o r c e  a p p l i e d  t o  an u n d e f l e c t e d  s e a l  geomeEry 
w i t h  t h e  chamber p r e s s u r i z e d .  
Condi t ion  2 :  R o t a t i o n a l  t o r q u e  a p p l i e d  t o  produce 1 .95"  ( . 0 3 4  rad) 
s e a l  d e f l e c t i o n  w i t h  t h e  chamber u n p r e s s u r i z e d .  
Condi t ion  3:  E j e c t i o n  f o r c e  a p p l i e d  t o  a 1.95O (.034 r a d )  d e f l e c t e d  
s e a l  geometry w i t h  t h e  chamber p r e s s u r i z e d .  
From t h e  a n a l y t i c a l  r e s u l t s ,  t h e  s t r e s s  c l i s  t r i b u t i o n  
i n  each rubber  pad and s t e e l  shim w a s  ob ta ined .  The maximum s t r e s s  l e v e l s  f o r  the 
t h r e e  load ing  c o n d i t i o n s  a r e  shown i n  F i g u r e s  9  through 16.  I n  a l l  cases  t h e  
v a l u e s  shown r e p r e s e n t e d  t h e  average s t r e s s  w i t h i n  t h e  i n d i c a t e d  "element" ', From 
the maximum p r e d i c t e d  stress, t h e  cor responding  f a c t o r s  of s a f e t y  f o r  each l o a d i n g  
cwndition. were c a l c u l a t e d  and a r e  shown i n  Tab le  V I .  The r e s u l t a n t  s a f e t y  f a c t o r s  
m e t  the des ign  c r i t e r i a  s p e c i f i e d  i n  S e c t i o n  1I.A. 
To unders tand  t h e  b e h a v i o r  o f  t h e  s e a l  under  t h e  combined 
l o a d s ,  the d e f l e c t i o n s  and s t r e s s  d i s t r i b u t i o n s  o b t a i n e d  from t h e  computer s o l u t i o n s  
were p l o t t e d .  F igure  1 7  shows a  p l o t  of t h e  normal and s h e a r  s t r e s s e s  a c t i n g  on 
a typical shim-pad i n t e r f a c e  f o r  l o a d i n g  c o n d i t i o n  1. From t h i s  p l o t  of s t r e s s  
d i s t r i b u t i o n ,  i t  i s  apparen t  t h a t  a r o t a t i o n a l  moment i s  a p p l i e d  t o  t h e  shim. The 
rotation of t h e  shim r e s u l t s  i n  t h e  h i g h  compressive s t r e s s  on t h e  i n n e r  b o r e  s u r f a c e  
of the shim. F i g u r e s  18 and 19 i n d i c a t e  t h e  de format ions  a t  t h e  i n n e r  and o u t e r  edges  
of the rubber  pad,  r e s p e c t i v e l y ,  f o r  t h i s  load ing  c o n d i t i o n .  The t o t a l  a x i a l  d e f l e c -  
tion of the s e a l  was p r e d i c t e d  t o  be 0.235 i n .  (0.00596 m) due t o  t h e  combined l o a d s .  
(2) E l a s t i c  S t a b i l i t y  
While t h e  compressive s t r e s s  t h a t  r e s u l t e d  from t h e  t w i s t i n g  
moment i n  the sh im i s  n o t  h i g h  i n  comparison t o  t h e  compressive y i e l d  s t r e n g t h  
of the shim m a t e r i a l ,  i n s t a b i l i t y  f a i l u r e s  have been  e x p e r i e n c e d  on some l a m i n a t e d  
seals of t h i s  t y p e .  I n  o r d e r  t o  check t h e  p o s s i b i l i t y  of b u c k l i n g ,  t h e  maximum 
compressive s t r e s s  i n  t h e  shim was compared t o  t h e  c r i t i c a l  b u c k l i n g  s t r e s s  f o r  an 
assumed e q u i v a l e n t  beam on an e l a s t i c  founda t ion .  
From Reference 5 ,  t h e  c r i t i c a l  b u c k l i n g  l o a d  f o r  an i n f i n i t e l y  
Por~g beam on an e l a s t i c  founda t ion  was d e r i v e d  a s :  
(1) N = 2 /= where:  N c r  = c r i t i c a l  l o a d ,  l b / i n .  (N/m) 
(3 r 
k = founda t ion  modulus p e r  u n i t  l e n g t h ,  
l b l i n . 3  ( ~ / m 3 )  
E = young's modulus, 1b i n .  ( ~ / m 2 )  
I = Moment of i n e r t i a  p e r  u n i t  w i d t h ,  
i n .  3 (m3) 
For a beam of u n i t  wid th  and r e c t a n g u l a r  c r o s s  s e c t i o n ,  e x p r e s s i o n  (1 )  reduced t o :  
where : 2 
'cr  3  ' c r  = c r i t i c a l  b u c k l i n g  s t r e s s ,  p s i  (N/m ) 
h  = t h i c k n e s s ,  i n .  (m) 
Applying e q u a t i o n  (2) t o  a  s t e e l  shim of 0 , 7 0  i n ,  
(. 0178 m) t h i c k n e s s  g i v e s  : 
(3) a c r  = 2,600 ib i n p s i  
The v a l u e  of k  f o r  use i n  t h i s  e x p r e s s i o n  was d e t e d n e d  
by app ly ing  a u n i t  edge load  t o  t h e  model shown i n  F igure  20. A con:servatrve 
assumption was made f o r  t h e  model i n  t h a t  t h e  t o t a l  t h i c k n e s s  of rubber  pads wa;, 
s u p p o r t e d  on e i t h e r  s i d e  of t h e  c r i t i c a l  s t ee l  shim w i t h o u t  t h e  re in forcement  o f  
t h e  o t h e r  shims. The r e s u l t a n t  d e f l e c t i o n  a t  t h e  p o i n t  of l o a d  a p p l i c a t i o n  was 
used t o  compute a  s p r i n g  r a t e  f o r  t h e  f l e x i b l e  e lement  of t h e  s e a l .  
R e s u l t s  of t h i s  s o l u t i o n  gave a  s p r i n g  c o n s t a n t  of 
9470 l b / i n .  (1.655 x  l o 6  N/m) . This  v a l u e  can be  cons idered  e q u i v a l e n t  t o  t h e  
founda t ion  modulus p e r  u n i t  a r e a  K of 9470 l b l i n .  (2.56 x 109 N/m3) , then :  
a 
C r 
= 2600 / 9 4 7 0  = 253,000 p s i  
S i n c e  c r i t i c a l  b u c k l i n g  s t r e s s  i s  w e l l  above tlhe 
70,000 p s i  (483 x  l o 6  N/m2) compressive y i e l d  s t r e n g t h  of t h e  shim,  i t  can be  
concluded t h a t  b u c k l i n g  of t h e  shim w i l l  n o t  occur  and compressive s t r e s s  i s  t h e  
c r i t e r i a  f o r  des ign .  From Figures  12 and 1 5 ,  t h e  maximum compressive s t r e s s  i n  
6  2 2 
any shim was found t o  be  50,800 p s i  (350 x  10 N/m ) [3900 p s i  ( 2 7  x lo6 ? ~ / m  ) 
6 2  due t o  r o t a t i o n  p l u s  45,900 p s i  (323 x  10 N/m ) due t o  e j e c t i o n  l o a d i n g  on t h e  
d e f l e c t e d  geometry] .  The r e s u l t a n t  f a c t o r  of s a f e t y  f o r  shim s t r e s s e s  i s  then 
1 . 3 8  a s  shown i n  Table  V I .  
c. E l a s t o m e r i c  Boot 
An e l a s t o m e r i c  b o o t  of 0.50 i n .  ( .0127 m) t h i c k  V-45 r u b b e r  
(F igure  5 )  was used t o  p r o t e c t  t h e  s e a l  from t h e  t h e r m a l  e f f e c t s  r e s u l t i n g  from 
exposure  t o  t h e  motor p r o p e l l a n t  combustion p r o d u c t s .  A h e a t  t r a n s f e r  a n a l y s i s  
w a s  performed t o  e v a l u a t e  t h e  t h e r m a l  response  o f  t h e  b o o t  and i t s  e f f e c t  on t h e  
seal f o r  a f u l l - l e n g t h  260-in. (6.6 m) d i a  motor f i r i n g  (approximately  140 seconds) .  
I n  o r d e r  t o  reduce t h e  s e v e r i t y  of t h e  l o c a l  the rmal  
environment t o  t o l e r a b l e  v a l u e s ,  t h e  b o o t  and s e a l  were  l o c a t e d  i n  a c a v i t y  
s e p a r a t e d  from t h e  main gas f low environment of t h e  motor by a  narrow gap,  
w h ~ c h  was s m a l l  enough t o  a t t e n u a t e  any e x t e r n a l  f low d i s t u r b a n c e s .  The h e a t  
t r a n s f e r  i n  such a c a v i t y  h a s  been t r e a t e d  a n a l y t i c a l l y  and e x p e r i m e n t a l l y  i n  
Reference 6 .  For c o n d i t i o n s  s i m i l a r  t o  t h e  s e l e c t e d  c o n f i g u r a t i o n ,  t h e  h e a t  
t r a n s f e r  c o e f f i c i e n t s  a r e  r e l a t e d  t o  t h e  f low c o n d i t i o n s  e x t e r n a l  t o  t h e  c a v i t y  
and the c a v i t y  geometry by t h e  f o l l o w i n g  e q u a t i o n :  
- Btu 
where : h = average h e a t  t r a n s f e r  c o e f f i c i e n t  w i t h i n  t h e  c a v i t y ,  h r  f t 2  OF 
x = l e n g t h  of c a v i t y  con tour ,  i n .  
W 
x  = gap w i d t h ,  i n .  
g  
(Re) = Reynolds number of e x t e r n a l  f low based  on gap wid th  
?. 6 
(pv) = l o c a l  m a s s  f l u x  e x t e r n a l  t o  t h e  c a v i t y ,  l b  
- Btu h r  f t L  
GP = s p e c i f i c  h e a t  of exhaus t  p r o d u c t s ,  - l b  OF 
Use of t h e  above r e l a t i o n  r e p r e s e n t s  an e x t r a p o l a t i o n  of t h e  
data prov ided  i n  Reference 6 because  t h e  Reynolds numbers and c a v i t y  geometr ies  
f o r  which t e s t  d a t a  were o b t a i n e d  were d i f f e r e n t  t h a n  those  i n  t h i s  a n a l y s i s .  
C o r r e l a t i o n  a n a l y s i s  i n d i c a t e d  t h e  t h e r m a l  model s l i g h t l y  o v e r - p r e d i c t s  t h e  
material decomposit ion r a t e s .  
The i n p u t  d a t a  f o r  e v a l u a t i n g  t h e  average  c a v i t y  heat 
t r a n s f e r  r a t e s  were as  fo l lows :  
P r o p e l l a n t :  ANB-3254 
Chamber p r e s s u r e :  600 p s i a  (4 .14  x  106 ~ / m ~ )  average 
Chamber t empera tu re  : 5434" (3280°K) 
Aft  c l o s u r e  Mach number: 0 . 3  
Gap Width: 0.15 i n .  ( .0381  m) 
S u b s t i t u t i n g  t h e s e  pa ramete rs  i n t o  e q u a t i o n  ( I ) ,  t h e  r e s u l t i n g  h e a t  t r a n s f e r  
c o e f f i c i e n t  w a s  p r e d i c t e d  t o  be  24 ~ t u / h r - f t 2 - " F  (19 x  1 0 3  joule/m2 s e c  OK), 
A s  i n d i c a t e d  by e q u a t i o n  (1) t h e  h e a t  t r a n s f e r  r a t e s  could  be  reduced by e i t h e r  
i n c r e a s i n g  t h e  c a v i t y  volume ( p e r i m e t e r )  o r  d e c r e a s i n g  t h e  gap w i d t h .  
The t h e r m a l  response  of t h e  s e l e c t e d  d e s i g n  exposed t o  a  
f u l l - l e n g t h  260 i n .  (6.6 m) motor f i r i n g ,  140 seconds ,  i s  p r e s e n t e d  in. Figrire 2 1 .  
M a t e r i a l  d e n s i t y  p r o f i l e s  a r e  n o t e d  a t  40, 80 ,  and 140 seconds  d u r a t i o n ,  t o g e t h e r  
w i t h  t h e  p r e d i c t e d  t empera tu re  g r a d i e n t  a t  t ime of burnout  (140 s e c o n d s ) .  The 
depth of t h e  f u l l y  c h a r r e d  zone i s  p r e d i c t e d  t o  be 0 .16 i n .  (.00406 TI) w i t h  rhe 
t o t a l  the rmal  decomposit ion zone ex tend ing  t o  a  depth  of 0 . 3 1  i n .  ( -00788  m), A t  
b u r n o u t ,  t h e  maximum tempera tu re  of t h e  f l e x s e a l ,  assuming t h e  boo t  remained i c  
p e r f e c t  c o n t a c t  throughout  t h e  f i r i n g  i s  90°F (306°K) o r  10°F  (6°K) above a m b i e n t ,  
I n  r e g i o n s  where t h e  boo t  does n o t  c o n t a c t  any p o r t i o n  of t h e  f l e x s e a i  t h e  back- 
s i d e  t empera tu re  of t h e  boo t  would be  on t h e  o r d e r  of 250°F (394°K). 
The above r e s u l t s  i n d i c a t e d  t h a t  t h e  b o o t  des ign  was adequate  
t o  p r o t e c t  t h e  f l e x i b l e  s e a l  from e x c e s s i v e  t empera tu re  even w i t h  an empty c a v i t y  
between t h e  b o o t  and t h e  s e a l .  I n  t h e  a c t u a l  a p p l i c a t i o n  where t h i s  c a v i t y  was 
f i l l e d  w i t h  a  low v i s c o s i t y  g r e a s e ,  t h e  b a c k s i d e  t empera tu re  of t h e  boo t  would b e  
s u b s t a n t i a l l y  l e s s  t h a n  250°F (394°K). 
d. F a i l u r e  Modes Ana lys i s  
An a n a l y s i s  was performed of t h r e e  b a s i c  f a i l u r e  modes related 
t o  t h e  f l e x i b l e  s e a l .  These modes were:  (1) s t r u c t u r a l  f a i l u r e  of t h e  s e a l ,  (b) 
t h e  requirement  of t o r q u e  i n  e x c e s s  of t h a t  a v a i l a b l e ,  and ( c )  premature  burn-through 
of t h e  i n s u l a t i o n  b o o t  p r o t e c t i n g  t h e  f l e x i b l e  s e a l  s u r f a c e .  The d e t a i l s  of  t h i s  
a n a l y s i s  a r e  i n c l u d e d  i n  Appendix A. 
S t r e s s  a n a l y s i s  i d e n t i f i e d  f a i l u r e  of t h e  s e a l  r u b b e r  pads 
i n  s h e a r  a s  t h e  most l i k e l y  mode of mechanical  f a i l u r e .  Because of t h e  complexi ty  
o f  t h e  r e l a t i o n s h i p ,  s h e a r  f o r c e s  cannot  b e  r e l a t e d  t o  t h e  des ign  paramete rs  
gor~ernrkng them by s imple  formulas .  The on ly  f e a s i b l e  method f o r  e s t i m a t i n g  t h e  
probable d i s t r i b u t i o n  o f  t h e  s h e a r  requ i rement ,  t h e r e f o r e ,  was t o  employ Monte 
Carlo s i m u l a t i o n  t echn iques  i n  c o n j u n c t i o n  w i t h  t h e  computer program used i n  t h e  
basic s t r e s s  a n a l y s i s .  R e s u l t s  were o b t a i n e d  f o r  e i g h t  s i m u l a t i o n  r u n s .  From 
these r e s u l t s  t h e  p r o b a b i l i t y  of maximum s h e a r  exceed ing  t h e  m a t e r i a l  c a p a b i l i t y  
was c a l c u l a t e d .  A p r o b a b i l i t y  of f a i l u r e  of 3  x  was o b t a i n e d .  
The c a l c u l a t i o n  of t h e  p r o b a b i l i t y  of occur rence  of t o r q u e  
r e q u i r e r e n t  i n  e x c e s s  of t h e  d e s i g n  c a p a b i l i t y  was made u s i n g  t h e  b a s i c  r e l a t i o n -  
ship between requirement  vs  c a p a b i l i t y .  The requirement  average  was e s t i m a t e d  
from an approximate des ign  e q u a t i o n  t h a t  r e l a t e d  t o r q u e  t o  r u b b e r  modulus and s e a l  
geometry, The v a r i a b i l i t y  o f  t h e  r e q u i r e d  t o r q u e  was e s t i m a t e d  from t h e  formula  
by t h e  p r o p a g a t i o n  of v a r i a n c e  t echn ique .  The r e s u l t s  i n d i c a t e d  t h a t  an i n c r e a s e  
of  t h e  torque c a p a b i l i t y  from t h e  des ign  nominal  of 5 .0  x 106 i n . - l b  (5 .65 x lo5  
N-m) t o  5,87 x l o 6  i n . - l b  (6 .63 x 105 N-m) was r e q u i r e d  t o  reduce t h e  p r o b a b i l i t y  
o f  exceedence t o  t h e  t a r g e t  v a l u e  of 1 x 
I n  c a l c u l a t i n g  t h e  p r o b a b i l i t y  o f  premature  i n s u l a t i o n  boo t  
b u m  through,  t h e  r e l a t i o n s h i p  between requirement  and c a p a b i l i t y  was a l s o  used.  
The c a p a b i l i t y  was e x p r e s s e d  i n  seconds  of a v a i l a b l e  p r o t e c t i o n  by t h e  r a t i o  of 
t h e  b o o t  t h i c k n e s s  t o  t h e  e r o s i o n  rate. The requirement  was expressed  i n  seconds  
o f  p r o t e c t i o n  r e q u i r e d  p r i o r  t o  t h e  end of a c t i o n  t ime.  Th is  a n a l y s i s  showed t h a t  
w i t h  t h e  nominal boo t  t h i c k n e s s  of 0 .45 (.0014 m) , t h e  p r o b a b i l i t y  of f a i l u r e  was 
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Based on t h e  r e s u l t s  of t h i s  a n a l y s i s ,  t h e  p r o b a b i l i t y  of 
occur rence  of s e a l  s t r u c t u r a l  f a i l u r e  and boo t  b u m  through f a i l u r e  modes was 
less t h a n  o r  c l o s e  t o  t h e  d e s i r e d  v a l u e  of 1 x An i n c r e a s e  i n  t o r q u e  cap- 
ability w a s  n e c e s s a r y  t o  reduce t h e  p r o b a b i l i t y  of exceeding t h e  t o r q u e  requirement  
t o  t h i s  va lue .  
4. Engineer ing  ~ r i w i n ~ s  and S p e c i f i c a t i o n s  
D e t a i l e d  e n g i n e e r i n g  drawings were p r e p a r e d  f o r  t h e  f a h i  cation 
of t h e  i n d i v i d u a l  s e a l  components as w e l l  as t h e  assembly p r o c e s s i n g  of the 
f l e x i b l e  s e a l .  These drawings were : 
Drawing No. T i t l e  
114890 3  F l e x i b l e  S e a l  - 260-in.-dia Motor 
1148904 End Ring, Fwd - Conica l ,  F l e x i b l e  S e a l  
1148905 End Ring,  Aft  - Conica l ,  F l e x i b l e  S e a l  
1148906 Shim - Conica l ,  F l e x i b l e  S e a l  
114890 7 Pad - Conica l ,  F l e x i b l e  S e a l  
114899 3  Boot,  E l a s t o m e r i c  - Conica l ,  F l e x i b l e  S e a l  
The drawings d e f i n e d  t h e  m a t e r i a l s  and dimensional  t o l e r a n c e s  
of each component i n  accordance w i t h  des ign  requ i rements .  Each rubber  pad  was 
designed t o  be  molded from a  f l a t  p a t t e r n  mold. E igh t  pads were used t o  complete 
a  c i r c u m f e r e n t i a l  l a y e r  i n  t h e  s e a l ,  and dimensional  t o l e r a n c e s  were c o n t r o l l e ?  
s o  t h a t  p r o p e r  i n t e r f a c e  f i t  between pads was o b t a i n e d  w i t h o u t  machining.  
The s e a l  assembly drawing d e f i n e d  t h e  i n t e r f a c e  requirements  
between components and t h e  o v e r a l l  dimensions of t h e  assembly. The 1-imies of 
mismatch between components were s p e c i f i e d .  Adhesive m a t e r i a l s  were s p e c i f i e d  
f o r  t h e  rubber  pad i n t e r f a c e  bond, a s  w e l l  as t h e  rubber  pad t o  s t e e l  component 
bond. These adhes ive  m a t e r i a l s  were s e l e c t e d  from r e s u l t s  of e v a l u a t i o n  performed 
under Task I1 of t h i s  program. 
Acceptance and q u a l i t y  c o n t r o l  requirements  f o r  m a t e r i a l s  and 
p r o c e s s i n g  of t h e  s e a l  were d e l i n e a t e d  by s p e c i f i c a t i o n s .  These s p e c i f i c a t i o n s  
were : 
Spec. Number 
MIL-S-6 75 8  
AGC- 3446 3 
T i t l e  
S t e e l ,  Chrominum-Molybdenum 4130 Bars ancl Reforgings  
Compound, N a t u r a l  Rubber 
Spec. Number 
- 
T i t l e  
A.G&- 342 30 I n s u l a t i o n ,  Butadiene A c r y l o n i t r i l e  , Unvulcanized 
~ . ~ ~ - 3 6 5 9 0  S e a l  Assembly, F l e x i b l e ,  Fab r i ca t ion  of 
AGC- 36 420 I n s u l a t i o n ,  Rubber, But adiene Acry l o n i  t r i l e ,  
Autoclave Cure, Fab r i ca t ion  of 
The c o n t r o l  limits imposed by the  s p e c i f i c a t i o n s ,  i n  p a r t i c u l a r ,  f o r  t h e  n a t u r a l  
rubber  compound and f o r  processing of t h e  s e a l  assembly, were derived from r e s u l t s  
of eva lua t ion  programs performed under Task 11. Method of s u r f a c e  p repa ra t ion  f o r  
rubber  and s t e e l  components and bond i n t e g r i t y  determinat ion were s p e c i f i e d  i n  t h e  
s e a l  assembly s p e c i f i c a t i o n .  
Engineering drawings and s p e c i f i c a t i o n  used i n  t h i s  program a r e  
enclosed i n  Appendix B. 
E. MANUFACTURING PLAN 
I n  def in ing  the  plans f o r  t h e  f a b r i c a t i o n  of t h e  s e a l  components and 
assen& ly , wel l - e s t ab l i shed  techniques were used wherever poss ib l e .  I n  t h e  case 
vhere new manufacturing and processing ma te r i a l s  and techniques were requi red ,  t h e  
developlrient and eva lua t ion  of t h e s e  i tems were performed under Task I1 of t h i s  
p rogsam, 
1. End Rings and Reinforcement Shims 
Fabr ica t ion  of t he  s e a l  s t e e l  components, i. e .  , reinforcement 
s h i m  and end r i n g s ,  followed processes  t h a t  provided a  high degree of f i n i s h e d  
dlrnensional s t a b i l i t y  and accuracy. Each component was machined from r ing - ro l l ed  
forgings t o  the  f i n a l  dimension. Because of t he  r e l a t i v e  e l a s t i c i t y  of t he  p a r t s ,  
f zna l  dimensional i n spec t ion  was conducted whi le  t h e  p a r t  was on the  tu rn ing  l a t h e .  
Magnetic p a r t i c l e  i n spec t ion  of t hese  components was performed p r i o r  t o  acceptance. 
2. Rubber Pads 
The s e l e c t e d  method f o r  t h e  f a b r i c a t i o n  of t h e  rubber  pads was 
by t rans fe r -mold ing  t h e  pads i n  a  c l o s e  t o l e r a n c e  two-cavity mold. Each mold 
charge produced two pads a long  w i t h  a q u a l i t y  c o n t r o l  specimen t h a t  was used t o  
v e r i f y  t h e  p r o p e r  s t a t e  of c u r e  was ach ieved  i n  t h e  molding c y c l e .  
P r i o r  t o  i n i t i a t i o n  of p r o d u c t i o n ,  a  development e f f o r t  was per-  
formed by t h e  f a b r i c a t o r ,  General  T i r e  and Rubber Co. (GT&R) t o  c h a r a c t e r i z e  t h e  
p r o c e s s e s .  Th i s  development phase  i n c l u d e d  t h e  f o l l o w i n g  a c t i v i t i e s  : 
a.  Design and f a b r i c a t e  mold and t o o l i n g .  
b  . V a l i d a t e  mold des ign  through d e t a i l e d  dimensional  i n s p e c t i o n  
of t r i a l  p a r t s .  
c. Optimize molding paramete rs  and c u r e  c y c l e .  
d. E s t a b l i s h  accep tance  t e s t  procedure  and l i m i t s .  
From t h e  r e s u l t s  of t h e  development e f f o r t ,  an i n t e g r a t e d  
manufactur ing and i n s p e c t i o n  p l a n  was p r e p a r e d  t h a t  covered a l l  a s p e c t s  of  t h e  
pad f a b r i c a t i o n  p rocess  from raw m a t e r i a l  accep tance  through f i n i s h e d  p a r t  s h i p -  
ment. Each pad was s e r i a l i z e d  t o  p r o v i d e  t r a c e a b i l i t y  through t h e  p r o c e s s  sequence,  
P rocess  documentation f o r  each pad i n c l u d e d :  
a.  Acceptance t e s t  d a t a  f o r  t h e  raw m a t e r i a l  l o t .  
b .  C e r t i f i c a t i o n  of absence of d e f e c t s  by v i s u a l  i n s p e c t i o n ,  
c. Dimensional  i n s p e c t i o n  r e s u l t s .  
d. Cure c y c l e  r e c o r d s .  
e .  Q u a l i t y  C o n t r o l  specimen t e s t  d a t a .  
I n  a d d i t i o n  t o  t h i s  development e f f o r t ,  a  p rocess  demonstra:ion 
t a s k  was conducted as a  p a r t  of Task I1 t o  conf i rm t h e  dimensional  s t a b i l i t y  of 
t h e  pads n e c e s s a r y  t o  s a t i s f y  t h e  s e a l  assembly bonding p r o c e s s  and t o  e s t a b l i s h  
n o n d e s t r u c t i v e  t e s t  t e c h n i q u e s  f o r  f i n a l  accep tance  of t h e  pads .  
3. E l a s t o m e r i c  Boot 
F a b r i c a t i o n  of t h e  e l a s t o m e r i c  b o o t  employed a p l a n  which h a s  
seen e x t e n s i v e l y  used i n  t h e  p r o c e s s i n g  of motor case  i n s u l a t i o n  of t h e  same 
n~a-se-arrhal t y p e s .  Th i s  p l a n  c o n s i s t e d  of molding t h e  b o o t  i n  segments ,  which were  
subsequen t ly  j o i n e d  t o g e t h e r  t o  form t h e  c i r c u l a r  p a r t .  Each segment was one- 
s i x t h  of t h e  c i rcumference .  The mold was des igned  t o  match t h e  S-shape i n t e r n a l  
c o n f i g u r a t i o n  of t h e  b o o t .  Uncured r u b b e r  s h e e t s  were l a y e d  up on t h e  mold t o  
t h e  des igned  t h i c k n e s s e s  and cured  w i t h  a u t o c l a v e  [lOO p s i  (6.9 x  105 ~ / m ~ )  ] 
p r e s s u r e  and 310°F (428°K) t empera tu re .  
P r i o r  t o  t h e  p r o d u c t i o n  of t h e  b o o t  segments ,  a development 
e f f o r t  was performed by t h e  f a b r i c a t o r  t o  e s t a b l i s h  a techn ique  f o r  t h e  s p l i c i n g  
of  the segments.  From t h e  r e s u l t s  of t h i s  e f f o r t ,  t h e  s p l i c i n g  p rocedure ,as  
w e l l  as t h e  s p l i c e  c h a r a c t e r i s t i c s ,  were ob ta ined .  Comparison of mechanical  
p r o p e r t i e s  between t h e  p a r e n t  m a t e r i a l  and t h e  s p l i c e  was made t o  a s c e r t a i n  t h a t  
t he  p r o p e r t i e s  met t h e  d e s i g n  requ i rements .  
Radiographic  i n s p e c t i o n  was used f o r  t h e  d e t e c t i o n  of d e f e c t s  
i.n the b o o t .  A p rocedure  s i m i l a r  t o  t h a t  used f o r  j o i n i n g  segments was e s t a b -  
lished f o r  t h e  r e p a i r  of d e f e c t s  
4. F l e x i b l e  S e a l  Assembly 
The p l a n  f o r  t h e  assembly p r o c e s s i n g  of t h e  f l e x i b l e  s e a l  c o n s i s t e d  
of bonding t h e  i n d i v i d u a l  components t o g e t h e r  i n  s u c c e s s i v e  s t e p s .  Room tempera tu re  
curing adhes ive  sys tems were used f o r  b o t h  t h e  rubber  pad i n t e r f a c e  bonds and t h e  
rubber  pad-to-s t e e 1  shim bonds.  S e v e r a l  c a n d i d a t e  adhes ive  s y s  tems were  e v a l u a t e d  
i n  Task 11 of t h i s  program p r i o r  t o  t h e i r  s e l e c t i o n  f o r  use .  The s e l e c t e d  adhes ive  
syseem were c h a r a c t e r i z e d  t o  determine t h a t  t h e  bond p r o p e r t i e s  exceeded t h e  d e s i g n  
req-a ren ien t s  . 
Sur face  p r e p a r a t i o n ,  adhes ive  a p p l i c a t i o n  and c u r i n g  t echn iques  
were e s t a b l i s h e d  as  a  p a r t  of t h e  Task I1 e f f o r t .  A p r imer  t h a t  i s  compatible 
w i t h  t h e  s e l e c t e d  adhes ive  sys tem was used f o r  p r o t e c t i o n  of s t e e l  conrponent 
s u r f  aces  a g a i n s t  c o r r o s i o n .  A c h l o r i n a t i o n  t r e a t m e n t  was used t o  p r e  ? a r e  rubber 
pad s u r f a c e s  f o r  bonding.  Bonding and c u r i n g  p rocedures  i n c l u d e d  mat ing of t h e  
bond s u r f a c e s  under vacuum p r e s s u r e  t o  minimize bond v o i d s  and app ly ing  mechanical  
p r e s s u r e  t o  t h e  bond i n t e r f a c e  d u r i n g  c u r e .  
P r i o r  t o  p r o c e s s i n g  of t h e  a c t u a l  s e a l ,  t h e  s e l e c t e d  procedures  
were checked ou t  by t h e  f a b r i c a t i o n  of a f u l l  s i z e  p r o c e s s  demons t ra t ion  r i n g ,  
Tool ing and f i x t u r e s  i n t e n d e d  f o r  f a b r i c a t i o n  of t h e  s e a l  assembly were employed 
i n  t h e  p r o c e s s  demonstra t ion.  Nondes t ruc t ive  t echn iques  f o r  d e t e c t i n g  bond d e i e c ~ s  
were e s t a b l i s h e d  from i n s p e c t i o n  of t h e  b o n d l i n e s  i n  t h e  p r o c e s s  demons ts ra t ion 
r i n g .  Bond s t r e n g t h  p r o p e r t i e s  were  o b t a i n e d  from s e c t i o n i n g  and t e s t i n g  of  t h e  
r i n g  . 
From t h e  r e s u l t s  o b t a i n e d  i n  Task 11, i n t e r g r a t e d  p r o c e s s  and 
i n s p e c t i o n  p rocedures  were p r e p a r e d  f o r  each s t e p  i n  t h e  s e a l  assembly p r o c e s s i n g ,  
D e t a i l e d  p rocedures  were d e f i n e d  f o r  t h e  s u r f a c e  p r e p a r a t i o n  of t h e  i n d i v i d u a l  
components and f o r  t h e  adhes ive  bonding a t  rubber  pad i n t e r f a c e s  and between rubber  
pad and s t e e l  components. 
F. PROCESS TOOLING DESIGN 
From t h e  e s t a b l i s h e d  manufactur ing p l a n ,  t o o l i n g  and f i x t u r e s  were 
des igned t o  meet t h e  f l e x i b l e  s e a l  p r o c e s s i n g  and assembly c r i t e r i a .  Major i t ems  
of t o o l i n g  were:  
Drawing No. T i t l e  
T-1023775 S e a l  Assembly Bond F i x t u r e  
T-102 3859 I n v e r t i n g  F i x t u r e  f o r  t h e  Bond F i x t u r e  
T-1023860 L i f t  F i x t u r e  f o r  t h e  Meta l  Shims 
T-1023861 Handling Cart f o r  t h e  Meta l  Shims 
Drawing No. T i t l e  
T-102 3862 Adhesive Spreader  
T-1023863 E l a s t o m e r i c  Boot Bond F i x t u r e  
T-1024056 Pr imer  Curing Oven 
Design c r i t e r i a  f o r  t h e  assembly bond f i x t u r e  were:  (1)  p o s i t i o n  
t h e  seal assembly w i t h  t h e  c e n t e r l i n e  i n  t h e  v e r t i c a l  a t t i t u d e  f o r  bonding,  (2)  
invert t h e  s e a l  component f o r  adhes ive  a p p l i c a t i o n ,  (3) bond t h e  s e a l  components 
under  vacuum p r e s s u r e ,  and (4 )  apply  p o s i t i v e  p r e s s u r e  a t  t h e  b o n d l i n e  d u r i n g  
the adhes ive  cure  c y c l e .  
The assembly bond f i x t u r e  d e s i g n  c o n s i s t e d  of an a n n u l a r  vacuum chamber, 
Figure 22, i n  which t h e  s e a l  components were  bonded. The chamber was s e p a r a b l e  
i n t o  two p a r t s ;  t h e  t o p  w i t h  t h e  o u t s i d e  w a l l ,  and t h e  bot tom w i t h  t h e  i n s i d e  
w a i l ,  The bot tom of t h e  f i x t u r e  c o n t a i n e d  a s t a n d  on which t h e  forward end r i n g  
of the s e a l  s e a t e d .  Ten a i r  c y l i n d e r s  were a t t a c h e d  t o  t h e  top  p o r t i o n  of t h e  
fixture f o r  assembly t o  t h e  s e a l  a f t  end r i n g .  Trunnions were  i n c o r p o r a t e d  f o r  
inverting t h e  t o p  p o r t i o n  of t h e  f i x t u r e  f o r  adhes ive  a p p l i c a t i o n .  Vacuum f i t t i n g s  
were used t o  e v a c u a t e  t h e  chamber d u r i n g  t h e  bonding p r o c e s s .  P r e s s u r i z a t i o n  of 
t h e  air c y l i n d e r s  p rov ided  mechanical  f o r c e  a t  t h e  b  o n d l i n e  dur ing  t h e  adhes ive  
cure cycle. 
The r o t a t i n g  f i x t u r e  d e s i g n  c o n s i s t e d  of a  s t rong-back w i t h  l e g s  f o r  
a t tachment  t o  t h e  t r u n n i o n s  on t h e  bond f i x t u r e .  The h e i g h t  of t h e  l e g s  was 
designed t o  c l e a r  t h e  t o p  p o r t i o n  o f  t h e  bond f i x t u r e  d u r i n g  i n v e r t i n g .  
Two types  of f i x t u r e s  were des igned  f o r  l i f t i n g  t h e  metal shims. The 
basic f i x t u r e  des igns  were t h e  same c o n s i s t i n g  of a s p i d e r  s u p p o r t  w i t h  t h r e e  
vertical l i f t  p o i n t s .  The d i f f e r e n c e  w a s  i n  t h e  l i f t i n g  mechanism u s i n g  e i t h e r  
 he magnet ic  c o n t a c t  o r  t h e  suct ion-cup t y p e s .  Subsequent usage i n d i c a t e d  t h a t  
the f i x t u r e  w i t h  t h e  suc t ion-cup  d e s i g n  p rov ided  a more p o s i t i v e  l i f t i n g  c a p a b i l i t y .  
The h a n d l i n g  c a r t  was des igned  w i t h  t h e  v e r s a t i l i t y  of h a n d l i n g  and 
t r a n s p o r t i n g  t h e  m e t a l  shim i n  t h e  u p r i g h t  and i n v e r t e d  c o n f i g u r a t i o n s ,  as w e l l  
as t h e  end  r i n g s .  S ince  t h e  c a r t  s u p p o r t e d  t h e  s e a l  components i n  t h e  oven 
d u r i n g  p r i m e r  c u r e ,  t h e  c a r t  was des igned  t o  w i t h s t a n d  t h e  oven t empera tu re .  
The adhes ive  s p r e a d e r  was a f l a t  s t e e l  p l a t e  w i t h  s e r r a t i o n s  on one 
edge.  The h e i g h t  of t h e  s e r r a t i o n s  was made a d j u s t a b l e  s o  t h a t  t h e  amount of  
adhes ive  a p p l i e d  on t h e  s u r f a c e  can b e  changed. 
A box t y p e  oven was des igned  f o r  c u r i n g  of t h e  p r imer .  Automatic 
t empera tu re  c o n t r o l  was i n c o r p o r a t e d  f o r  m a i n t a i n i n g  t empera tu res  u.p t o  48O0F, 
The f i x t u r e  d e s i g n  f o r  bonding t h e  e l a s t o m e r i c  b o o t  t o  t h e  s e a l  
c o n s i s t e d  of mechanical  r i n g  clamps which a p p l i e d  bond p r e s s u r e  a x i a l l y  on each 
end of t h e  seal. I n  a d d i t i o n  t o  t h e  clamps, s t e e l  bonding s t r a p s  were used t o  
app ly  r a d i a l  p r e s s u r e  on t h e  adhes ive  b o n d l i n e  dur ing  cure .  
G. TEST PLAN 
A t e s t  program was d e f i n e d  f o r  s t r u c t u r a l  t e s t i n g  of t h e  f l e x i b l e  
s e a l s .  The program i n c l u d e d  f u n c t i o n a l  p r e s s u r e  proof  and v e c t o r i n g  t e s t s  of  b o t h  
s e a l s  and d e s t r u c t i v e  test of one s e a l .  The p l a n s  f o r  conduct ing t h e s e  t e s t s  
are as fo l lows :  
1. F u n c t i o n a l  Tes t  
a. P r e s s u r e  Proof T e s t  
I n i t i a l l y ,  a  l e a k  t e s t  of t h e  s e a l  w i l l  b e  conducted a t  
50 p s i g  (3.45 x  l o 5  N/m2) test  p r e s s u r e .  Following t h i s ,  t h e  t e s t  p r e s s u r e  will 
b e  i n c r e a s e d  t o  a  maximum of 850 p s i g  (5.86 x  l o 6  N/m2). Th is  p r e s s u r e  corresponded 
t o  1 .15 t imes  b o t h  t h e  maximum e x p e c t e d  o p e r a t i n g  p r e s s u r e  (MEOP) of t h e  motor and 
t h e  maximum e j e c t i o n  l o a d  a c t i n g  on t h e  s e a l .  A t  p r e s s u r e  l e v e l s  of 200,  400, 600,  
735, and 850 p s i g  (1 .38,  2 .76,  4.14,  5 .06,  and 5.86 x  106 ~ / m ~ ) ,  t e s t  d a t a  wi41 be  
recorded  t o  de te rmine  t h e  s e a l  a x i a l  d e f l e c t i o n  and s t e e l  shim s t r e s s ,  
b . Vector ing  T e s t  
Vec tor ing  tests up t o  - +2' (.0349 r a d )  d e f l e c t i o n  w i l l  b e  
perf orme d a t  v a r i o u s  p r e s s u r e  levels. These p r e s s u r e  l e v e l s  a r e  e q u i v a l e n t  t o  
0, 30, SO, 9 0 ,  and 115% of t h e  maximum p r e d i c t e d  e j e c t i o n  l o a d  o f  one m i l l i o n  
6 pounds (4 .45 x  1 0  N ) .  The t e s t s  will be  conducted i n  b o t h  t h e  p i t c h  and yaw 
o lanes of each s e a l .  T e s t  d a t a  w i l l  be  measured s o  t h a t  t h e  f o l l o w i n g  s e a l  per-  
formance c h a r a c t e r i s t i c s  can be  determined:  
(1 )  A c t u a t i o n  t o r q u e  v s  seal  d e f l e c t i o n  a n g l e  
(2) A x i a l  d e f l e c t i o n  v s  e j e c t i o n  l o a d  
(3) P i v o t  p o i n t  movement d u r i n g  v e c t o r i n g  
(4 )  Torque v a r i a t i o n  between as cending and descending 
deflection a n g l e  ( h y s t e r i s e s  e f f e c t )  
(5) N u l l  p o s i t i o n  s h i f t  
(6)  Torque v a r i a t i o n  between s e a l s  and between t h e  
pie& and yaw a x i s  f o r  t h e  same seal  
(7)  Meta l  shim hoop s t r e s s  
2.  D e s t r u c t i v e  T e s t  
I n  t h e  d e s t r u c t i v e  test  phase ,  a  sequence of t e s t s  t h a t  exceed 
the f i m e t i o n a l  t e s t  requirements  w i l l  b e  conducted u n t i l  t h e  f i r s t  ev idence  of 
sea2 s t r u c t u r a l  f a i l u r e  ( a c t u a l  o r  imminent) occurs  o r  l eakage  i s  d e t e c t e d .  
a.  Vec tor ing  T e s t  
The s e a l  w i l l  be  d e f l e c t e d  t o  23.5' ( .061  r a d )  v e c t o r  
angle. Th is  maximum d e f l e c t i o n  a n g l e  may b e  less i f  l i m i t e d  by t h e  a v a i l a b l e  
output f o r c e  of t h e  h y d r a u l i c  a c t u a t o r  o r  by t h e  p h y s i c a l  i n t e r f e r e n c e  between 
the seal and t e s t  f i x t u r e .  
b .  E j e c t i o n  Load T e s t  
T e s t  p r e s s u r e  w i l l  b e  i n c r e a s e d  t o  a n  e q u i v a l e n t  e j e c t i o n  
l o a d  o f  1.5 m i l l i o n  l b  (6 .67 x  l o 6  N) a c t i n g  on t h e  s e a l .  The i n c r e a s e  wi14 be  
i n  s t e p s  of p r e s s u r e  e q u i v a l e n t  t o  1 . 2 ,  1 .3 ,  1 . 4 ,  and 1 . 5  m i l l i o n  l b  (5.34, 
5 .79 ,  6 .22,  6 .67 x  l o 6  N) e j e c t i o n  load .  At each p r e s s u r e  s t e p ,  the  seal w i l l  
b e  d e f l e c t e d  t o  - +2O (.0349 r a d )  v e c t o r  ang le .  
c. F a t i g u e  T e s t  
Approximately 1000 c y c l e s  of f l e x i b l e  s e a l  v e c t o r i n g  will 
b e  performed t o  e v a l u a t e  t h e  c a p a b i l i t y  of t h e  s e a l  t o  s u r v i v e  a r e p e t i t i v e  s t r e s s  
r e v e r s a l  c o n d i t i o n .  The duty c y c l e  w i l l  c o n s i s t  of 500 c y c l e s  of - +lo ( -0175  rad) 
fo l lowed  by 500 c y c l e s  of - +2' (.0345) v e c t o r  ang le .  A s i n i s o i d a l  command signal 
w i l l  be  used w i t h  t h e  maximum s lew r a t e  t h a t  can b e  o b t a i n e d  w i t h  t h e  h y d r a u l i c  
power supp ly  u n i t .  A test p r e s s u r e  of 30 p s i g  (20.7 x 104 ~ / r n ~ )  w i l l  be  used 
throughout  t h e  f a t i g u e  t e s t .  
d. P r e s s u r e  T e s t  
I n  t h i s  tes t ,  chamber p r e s s u r e  w i l l  b e  i n c r e a s e d  t o  l l Q 3  
p i s g  (7.59 x l o 6  N/m2), which a c t s  on t h e  e x t e r n a l  s u r f a c e  of t h e  s e a l  and simul- 
t a n e o u s l y  r e s u l t s  i n  1 . 5  m i l l i o n  l b  (6.67 x  l o6  N)  e j e c t i o n  l o a d  a c t i n g  a x i a l l y  
on t h e  s e a l .  P r e s s u r e  w i l l  b e  h e l d  a t  200,  400, 600, and 880 p s i g  ( l , 3 8 ,  2 . 7 6 ,  
4.14,  and 6.06 x  106 N/m2) w h i l e  s e a l  a x i a l  d e f l e c t i o n  d a t a  a r e  recorded ,  The 
p r e s s u r e  at  1100 p s i g  (7.59 x  l o 6  ~ / m ~ )  w i l l  be h e l d  f o r  two minutes t o  m o n i t o r  
f o r  l eakage  fol lowed by v e n t i n g  o f  t h e  chamber t o  a tmospher ic  p r e s s u r e ,  
At t h e  end of d e s t r u c t i v e  t e s t ,  t h e  c o n d i t i o n  cf t h e  s e a l  
w i l l  b e  documented. Photographs w i l l  b e  t a k e n  t o  document a l l  f a i l u r e  c o n d i t i o n s .  
I f  f a i l u r e  of t h e  s e a l  o c c u r s ,  t h e  mode of f a i l u r e  w i l l  be  determined.  
Before  and a f t e r  each phase  of f u n c t i o n a l  and d e s t r u c t i v e  
t e s t i n g  , seal f  lange- to-f lange p a r a l l e l i s m  and c o n c e n t r i c i t y  measurements w i l l  be 
%&en, 
Comparison of test  d a t a  w i l l  be  made t o  e v a l u a t e  t h e  c o n t r i -  
bution of a c t u a t i o n  t o r q u e  w i t h  t h e  e l a s t o m e r i c  b o o t  i n s t a l l e d  i n  p l a c e .  One 
seal w i l l  be f u n c t i o n a l l y  t e s t e d  w i t h o u t  t h e  e l a s t o m e r i c  b o o t ,  w h i l e  t h e  second 
sea l  will be  f u n c t i o n a l l y  and d e s t r u c t i v e l y  t e s t e d  w i t h  t h e  b o o t  i n  p l a c e .  
H, TEST FIXTURE DESIGN 
A f i x t u r e  was des igned  t o  meet t h e  requ i rements  f o r  f u n c t i o n a l  and 
destructive t e s t i n g  o f  t h e  f l e x i b l e  s e a l .  B a s i c  d e s i g n  c r i t e r i a  f o r  t h e  f i x t u r e  
were: (1) s u b j e c t  t h e  s e a l  t o  des igned  l o a d  c o n d i t i o n s ,  (2) p r e c l u d e  i t s  r e s t r a i n i n g  
o r  g u i d i n g  movement of t h e  s e a l  under a p p l i e d  l o a d i n g  c o n d i t i o n s ,  (3) minimum f a b r i -  
cation c o s t ,  and (4) a d a p t a b l e  f o r  t e s t i n g  of f l e x i b l e  s e a l s  des igned  f o r  n o z z l e s  
having t h r o a t  d iamete r s  over  t h e  range af  71.0 t o  90.0 i n .  (1 .8  t o  2 .28 m). 
The pr imary l o a d  c o n d i t i o n s  t h a t  t h e  f i x t u r e  must s i m u l a t e  were:  
chaniber p r e s s u r e  a c t i n g  on the seal  e x t e r n a l  s u r f a c e ,  n o z z l e  e j e c t i o n  l o a d ,  
and n o z z l e  r o t a t i o n  ( v e c t o r i n g ) ,  Because a  f i x t u r e  cannot  b e  des igned  t o  simu- 
l a t e  a l l  of t h e s e  l o a d s  s imul taneous ly  w i t h o u t  c o n s t r a i n t i n g  t h e  p i v o t  p o i n t  
i o c a t i o n ,  a  f i x t u r e  d e s i g n  concept  was s e l e c t e d  t h a t  s u b j e c t e d  t h e  s e a l  t o  a 
combination of l o a d s  i n  t h e  p r e s s u r e  and v e c t o r  t e s t s .  During p r e s s u r e  t e s t ,  
the n o z z l e  e j e c t i o n  l o a d  and t h e  e x t e r n a l  p r e s s u r e  l o a d  were s imula ted .  I n  
the  v e c t o r i n g  t e s t ,  t h e  n o z z l e  e j e c t i o n  l o a d  and s h e a r  s t r e s s  i n  t h e  rubber  
pads were produced,  w h i l e  t h e  e x t e r n a l  p r e s s u r e  was s u b s t a n t i a l l y  reduced.  
T h s s  d i f f e r e n c e  i n  e x t e r n a l  p r e s s u r e  was found from s t r e s s  a n a l y s i s  t o  have 
only s l i g h t  e f f e c t  on t h e  rubber  s h e a r  s t r e s s .  
The s e l e c t e d  f i x t u r e  d e s i g n  i s  shown i n  F i g u r e  23. Major components 
of t he  f i x t u r e  c o n s i s t e d  o f :  (1) t a n k  s t r u c t u r e ,  (2) p i s t o n ,  ( 3 )  seal  s u p p o r t  
structure, and (4 )  a c t u a t o r  s u p p o r t  s t r u c t u r e .  On t h e  t o p  o f  t h e  t ank  s t r u c t u r e ,  
provisions were i n c l u d e d  f o r  assembly of t h e  s e a l  a f t  r i n g .  Two a c t u a t o r  
a t t achment  l u g s ,  90" (1.57 r a d )  a p a r t ,  were on t h e  e x t e r n a l  s u r f a c e  of t h e  t a n k ,  
The bot tom p a r t  of t h e  t ank  s t r u c t u r e  was t h e  c y l i n d e r  w a l l  which mated wi1:I-i the 
p i s t o n .  The p i s t o n  had  O-rings f o r  p r e s s u r e  s e a l  a g a i n s t  t h e  c y l i n d r i c a l  w a l l ,  
I n  t h e  p r e s s u r e  t e s t  c o n f i g u r a t i o n ,  t h e  p i s t o n  was moved upward and a t t a c h e d  t o  
t h e  seal s u p p o r t  s t r u c t u r e  ( s e e  F igure  23) .  P r o v i s i o n s  were  i n c o r p o r a t e d  i n t o  
t h e  s e a l  s u p p o r t  s t r u c t u r e  f o r  assembly of t h e  s e a l  forward r i n g  on t h e  bottom 
f l a n g e  and t h e  a c t u a t o r  s u p p o r t  s t r u c t u r e  on t h e  t o p  s u r f a c e .  The i n t e r f a c e  was 
des igned  s o  t h a t  t h e  a c t u a t o r  s u p p o r t  s t r u c t u r e  can be  p o s i t i o n e d  i n  e i t h e r  t h e  
p i t c h  o r  yaw p l a n e  w i t h  r e s p e c t  t o  t h e  s e a l  s u p p o r t  s t r u c t u r e .  
A key e lement  of t h e  test f i x t u r e  d e s i g n  e f f o r t  was v e r i f i c a t i o n  of 
i t s  s t r u c t u r a l  adequacy. A s t r u c t u r a l  a n a l y s i s  was completed which i n d i c a t e d  
t h a t  a minimum s a f e t y  f a c t o r  of 1 . 5  e x i s t e d  a t  a p r e s s u r e  l eve l  of 1125 psi (7,75 
2  
x  l o6  N / m  ) (1 .5  x  motor MEOP) f o r  b o t h  t h e  p r e s s u r e  and v e c t o r i n g  c o n f i g u r a t i o n s ,  
Th i s  a n a l y s i s  was p r e d i c a t e d  on u s i n g  T-1 s t e e l  w i t h  a minimum y i e l d  s t r e n g t h  of  
90,000 p s i  (620 x 106 ~ / m 2 )  i n  t h e  r o l l e d  and welded c o n s t r u c t i o n .  
D e t a i l e d  f a b r i c a t i o n  drawing T-1023498 was p r e p a r e d  of t h e  t e s t  
f i x t u r e  des ign .  
I V .  TASK I1 - LABORATORY SUPPORT SERVICES 
A l a b o r a t o r y  i n v e s t i g a t i o n  program was performed i n  s u p p o r t  of t h e  f l e x i b l e  
s e a l  des ign  and f a b r i c a t i o n  e f f o r t .  The o b j e c t i v e s  of t h i s  program were: (4) t o  
d e f i n e  t h e  e l a s t o m e r  and l a m i n a t e  p h y s i c a l  p r o p e r t i e s  and t h e  e f f e c t  of v a r i o u s  
env i ronmenta l  and l o a d i n g  c o n d i t i o n s  on t h e s e  p r o p e r t i e s ,  and (2)  t o  e v a l u a t e  
p r o c e s s i n g  and i n s p e c t i o n  t echn iques  proposed f o r  s e a l  f a b r i c a t i o n  and t o  determine 
t h e  e f f e c t  o f  p r o c e s s i n g  v a r i a b l e s  on s e a l  performance.  
A. MATERIAL PROPERTIES 
1. Rubber Pad 
The n a t u r a l  r u b b e r ,  Gen-Shear 44125, which was s e l e c t e d  as the 
rubber  pad m a t e r i a l  f o r  t h i s  program was e x t e n s i v e l y  e v a l u a t e d  i n  an A e r o j e t  
I n d e p e n d e j ~ t  Research and Development Program, Refe rence  7, p r i o r  t o  t h e  i n i t i a t i o n  
of t h i s  program. The material p r o p e r t i e s  determined by specimen tests conducted 
mder thhlr; IR&D program i n c l u d e d  b u l k  modulus ; t e n s i l e ,  s h e a r ,  and compressive pro- 
perties ; xnd c reep  c h a r a c t e r i s t i c s .  
a. Bulk Modulus 
I n  de te rmin ing  b u l k  modulus, t h r e e  r u b b e r  specimens,  
0,375 x 0 , ,50  x 7 i n .  (.0095 x -0127 x -178  m) were t e s t e d  by immersing i n  s i l i c o n e  
o i l  p r e s s u r i z i n g  i n  a p r e s s u r e  v e s s e l  up t o  1,000 p s i  (6 .9  x l o 6  N/rn2). The 
change i n  specimen l e n g t h  w i t h  p r e s s u r e  was measured w i t h  a l i n e a r  v a r i a b l e  d i f f e -  
ren t i a l  trrransducer (LVDT) and i n d i c a t e d  a l i n e a r  v a r i a t i o n .  From t h e  measured 
data, t h e  b u l k  modulus was c a l c u l a t e d  t o  b e  296,700, 296,400, and 269,250 p s i  
(2,045, 2 ,043  and 1.855 x 109 N/m2) f o r  an average modulus of 287,000 p s i  (1 .98 x 
109 ~ J m 2 ) ,  
b . T e n s i l e  P r o p e r t i e s  
Twelve t e n s i l e  specimens w i t h  t h e  c o n f i g u r a t i o n  shown, i n  
F igure  2 L  were t e s t e d  t o  c h a r a c t e r i z e  t h e  t e n s i l e  p r o p e r t y .  Rubber t h i c k n e s s e s  
f o r  t h e  specimens were as  f o l l o w s  : 
KO* of Rubber 
Specimens Thickness ,  i n .  (m) 
6 0 .18  (.00457) 
3 0.10 (.00254) 
Type Shape F a c t o r  (1)  
Bonded 2.2 
Bonded 4.0 
3 0.05 ( -00127)  Molded 8.0 
(1) Shape f a c t o r  f o r  t h e  specimen c o n f i g u r a t i o n  i s  d e f i n e d  a s  
S = D/4t ,  where: D = diamete r  and t = r u b b e r  t h i c k n e s s .  
In the bonded specimens,  Chemlok 304 epoxy adhes ive  was used  f o r  bonding t h e  
rubber  t o  t h e  s t ee l  end p l a t e s .  Molded specimens were f a b r i c a t e d  by i n j e c t i n g  
uncured rubber  between t h e  end p l a t e s  and t h e n  v u l c a n i z i n g  i n  p l a c e .  
Each specimen was t e s t e d  t o  400% s t r a i n  a t  two d i f f e r e n t  
cross-head speeds  of t h e  t e s t i n g  machine, 0.5 and 5 . 0  i n .  /min (0.212 and 2'12 
x  10-3 m/S), r e s u l t i n g  i n  two d i f f e r e n t  s t r a i n  r a t e s  on t h e  specimen. Subse- 
q u e n t l y ,  each specimen was t e s t e d  t o  f a i l u r e  u s i n g  t h e  5 . 0  i n .  /min (2,12 x 10-3 
m/S cross-head speed .  The s t r e s s - s t r a i n  r e l a t i o n s h i p  w a s  o b t a i n e d  f o r  each 
specimen and i s  shown i n  F i g u r e s  25,  26,  and 27. The r e s u l t s  i n d i c a t e d  that f o r  
a h i g h e r  s t r a i n  r a t e  on t h e  specimen,  t h e  s h e a r  s t r a i n  w a s  i n c r e a s e d  a t  t h e  same 
s t r e s s  l e v e l .  Comparison of t h e  d a t a  f o r  t h e  t h r e e  specimen s i z e s  showed that 
t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  and e l o n g a t i o n  i s  h i g h e r  f o r  l a r g e r  shape  f a c t o r s ,  
Examination of t h e  specimens t h a t  f a i l e d  i n  t h e  t e n s i o n  t e s t  
r e v e a l e d  i n t e r n a l  f a i l u r e  of t h e  rubber  i n  t h e  form of numerous s m a l l  pores  ( s p h e r i -  
c a l  i n d e n t a t i o n )  as  shown i n  F igure  28. Th is  phenomena h a s  been observed i n  
p rev ious  tests by GT&R. An i n v e s t i g a t i o n  was conducted t o  c o r r e l a t e  t h e  t e n s i l e  
stress l e v e l  a t  which i n t e r n a l  f a i l u r e  i n i t i a t e d .  A s e r i e s  of f i v e  t e n s i l e  
specimens w i t h  0 .18 i n .  ( .00457 m) r u b b e r  was loaded  t o  a  p rede te rmined  s t r e s s  
l e v e l  and subsequen t ly  d i s s e c t e d  f o r  v i s u a l  i n s p e c t i o n .  I n t e r n a l  f a ] - l u r e  was 
2  
observed t o  s t a r t  between 88 and 9 7  p s i  (6 .07 and 6 . 7  x  lo5  N / m  ) t e n s i l e  s t r e s s ,  
This  a g r e e s  w i t h  t h e  p o i n t  on t h e  s t r e s s - s t r a i n  curve  where a  sudden change i n  
s l o p e  occurs  (F igure  25) .  S i n c e  t h e  occur rence  of i n t e r n a l  f a i l u r e  can sub- 
s t a n t i a l l y  reduce t h e  s h e a r  c a p a b i l i t y  i n  t h e  rubber ,  t e n s i l e  l o a d i n g  of  t h e  
r u b b e r  i s  b e s t  minimized i n  f l e x i b l e  s e a l  des ign .  
c.  Shear  P r o p e r t i e s  
Quadruple l a p  s h e a r  specimens as  shown i n  F igure  29 were 
used t o  determine t h e  s h e a r  p r o p e r t i e s  of t h e  rubber .  Three specimens wi th  0-18 
0.10,  and 0.06 i n .  (.00457, .00254, and .00152 m) r u b b e r  t h i c k n e s s  were p r e p a r e ? ,  
The specimens w i t h  t h e  0 .10  and 0 .18 i n .  (.00254 and .00457 m) rubber  t h i c k n e s s e s  
have t h e  rubber  pads bonded t o  t h e  s t e e l  p l a t e s  w i t h  Chemlok 305 adhes ive ,  while 
t h e  specimen w i t h  t h e  0.06 i n .  (.00152 m) rubber  was f a b r i c a t e d  by i n j e c t i n g  uncured 
rubber  between t h e  s t e e l  p l a t e s  and t h e n  v u l c a n i z i n g  i n  p l a c e .  
The specimens were t e s t e d  a t  d i f f e r e n t  s t r a i n  r a t e s  and wi th  
various compressive p re s su re  l e v e l s  t o  determine t h e i r  e f f e c t  on the  s h e a r  pro- 
perties. Each specimen was enclosed i n  a  p re s su re  v e s s e l  and p re s su r i zed  t o  
1000 psi (6.9 x l o 6  N/rn2) s imultaneously wi th  t h e  a p p l i c a t i o n  of 200% s h e a r  
s t r a i n ,  l i esu l t s  i n  Table V I I  i n d i c a t e d  no s i g n i f i c a n t  d i f f e r e n c e  i n  shea r  s t r e s s  
and rnasdu11.1~ even wi th  an o rde r  of magnitude d i f f e r ence  i n  s t r a i n  r a t e  and wi th  
6 compressive p re s su re  v a r i a t i o n  from 0 t o  1000 p s i  (6.9 x 10 N/m2). A p l o t  of 
shear s t r e s s - v s - s t r a i n  v a r i a t i o n  f o r  t h e  t h r e e  specimens i s  shown i n  Figure 30, 
A low shear s t r e s s  a t  f a i l u r e  f o r  t h e  specimen wi th  t h e  0.18 i n .  (.00457 m) 
rubber r e s u l t e d  from excess ive  bond voids i n  t h e  specimen. For a l l  t h r e e  spec i -  
mens, t he  s h e a r  modulus was r e l a t i v e l y  cons tan t  [25 t o  27 p s i  (1.72 t o  1.86 x 
105 ~ / m 2 )  up t o  400% s t r a i n .  
d. Compressive P rope r t i e s  
Three specimens were prepared and t e s t e d  t o  c h a r a c t e r i z e  
the  compressive proper ty  of t h e  rubber.  The conf igura t ion  of t he  specimen i s  
i d e n t i c a l  t o  t h e  t e n s i l e  specimen as  shown i n  Figure 24. A l l  specimens have t h e  
rubber  pads bonded t o  end p l a t e s  wi th  Chemlok 305 adhesive. Var ia t ions  of spec i -  
men diameter and rubber th ickness  were incorpora ted  t o  produce t h r e e  d i f f e r e n t  
shape f a c t o r s  : 
Rubber 
Diameter, i n .  (m) Thickness,  i n .  (m) Shape Factor* 
1.60 (.0406) 0.19 (. 00482) 2 . 1  
*Shape f a c t o r  i s  given as: S = - where D = diameter and t = rubber  th ickness  4 t  
The 1.60 i n .  (.0406) d i a  specimens were t e s t e d  i n  compression 
to result in approximately 4500 p s i  (31 x l o 6  N/m2) s t r e s s ,  whi le  t h e  2.98 i n .  
4.0756 m) d ia  specimen was loaded t o  1200 p s i  (8.28 x 106 ~ / m ~ )  which was the  
maximum capac i ty  of t h e  t e s t i n g  machine. A d e f i n i t i o n  of t he  s t r e s s - s t r a i n  
r e l a t i o n s h i p  was o b t a i n e d  f o r  each  specimen and i s  shown i n  F i g u r e  31, fis 
e x p e c t e d ,  t h e  compressive modulus was a v a r i a b l e  t h a t  i n c r e a s e s  w i t h  applied 
l o a d .  For t h e  same stress l e v e l ,  t h e  compressive modulus v a l u e  was I~ighes f o r  
a l a r g e r  shape  f a c t o r .  
C o r r e l a t i o n  of t h e  e x p e r i m e n t a l  compressive modulus with 
a n a l y t i c a l  r e s u l t s  was made. Specimen geomet r ies  cor responding  t o  the t e s t  
specimens were ana lyzed  by t h e  f i n i t e  e lement  method, Reference 3 ,  Since  t h i s  
method only  c o n s i d e r s  l i n e a r i t y  i n  m a t e r i a l  p r o p e r t i e s ,  e f f e c t i v e  compressive 
moduli of 843 and 2 ,543  p s i  (5 .81 and 17.5  x l o 6  ~ / m 2 )  were  o b t a i n e d  f o r  sfiape 
f a c t o r s  of 2 . 1  and 4.0, r e s p e c t i v e l y .  The a n a l y t i c a l  v a l u e s  agreed  c l o s e l y  
w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  when compared w i t h  t h e  i n i t i a l  s l o p e  of the s t r e s s -  
v s - s t r a i n  curve a s  shown i n  F igure  31. 
e.  Creep C h a r a c t e r i s t i c s  
S i x  specimens were t e s t e d  t o  de te rmine  t h e  c reep  c h a r a c t e r i s t i c s  
of rubber  f o r  shape  f a c t o r s  of 2.0 and 7.5. Each specimen had 0.10 i n ,  rubber (,00254 
m) which was bonded t o  m e t a l  end p l a t e s  w i t h  Chemlok 305 adhes ive .  Three each of 
t h e  specimens were 1 .60 and 3.00-in.-dia (.0406 and .0762 m-dia). 
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T e n s i l e  S t r e s s ,  
Shape F a c t o r  p s i  (N/m2 x 10-3) 
4.0 30 (209) 
A r e c o r d  was made of t h e  s t r a i n  a t  t h e  followilng t i m e  
i n t e r v a l s  a f t e r  l o a d  a p p l i c a t i o n :  1 min, 6 min, 1 8  min, 36 min. 1 hr, I day, 
3 days, l week, and 1 month. The s t a t i c  loacl w a s  then removed and t h e  change 
in length was recorded a t  the  fol lowing time i n t e r v a l s  a f t e r  l o a d  removal: 1 min, 
6 &E, 1-8 min, 36 min, 1 h r ,  4  h r ,  1 day and 1 week. 
The r e s u l t s  (s t rain-vs- t ime) f o r  specimens 1 through 5 a r e  
shown in Figure 32. The d a t a ,  except  f o r  specimen 2 ,  showed a continuous i n c r e a s e  
i n  s t r a i n  even up t o  1 month dura t ion .  Specimen 2 i n d i c a t e d  a cons tan t  s t r a i n  
for the f u l l  t e s t  dura t ion .  General ly ,  t h e  magnitude of creep w a s  h ighe r  wi th  
a highel- t e n s i l e  s t r e s s  f o r  t h e  same shape f a c t o r  and wi th  a  lower shape f a c t o r  
f o r  t he  same t e n s i l e  s t r e s s .  The d a t a  f o r  specimen 6 were n o t  usable  s i n c e  t h e  
h igh  t e n s i l e  l oad  r e s u l t e d  i n  i n t e r n a l  f a i l u r e  of t h e  specimen and caused 160% 
strain wi th in  1 month dura t ion .  
The creep recovery i n  t he  specimen occurred ins tan taneous ly  
a f t a r  removal of t he  t e n s i l e  load.  Residual  creep during the  time i n t e r v a l  from 
1 minute t o  1 week a f t e r  load  was removed was l e s s  than 1%. 
f .  Poisson ' s  Rat io  
Po i s son ' s  r a t i o  of t h e  rubber  was ca l cu la t ed  by the  
equa t i on :  
7J = 3K -26 
6G +2G where : K = rubber bulk  modulus, p s i  (N/rn2) 
G = rubber s h e a r  modulus, p s i  (N/m2) 
The bulk. modulus and s h e a r  modulus values a r e  those  determined from specimen 
tests, 
g. Aging and Humidity Tes ts  
The e f f e c t s  of aging and humidity on e las tomer  and composite 
p r o p e r t i e s  were i n i t i a l l y  eva lua ted  by f i v e  t e n s i l e  and t h r e e  quadruple l a p  s h e a r  
test  specimens. Each t e n s i l e  specimen was 1.6 i n .  (.0406 m) d i a  (Figure 24) wi th  
a 0.10 i n .  (.00254 m) r u b b e r  l a y e r  bonded between t h e  s t e e l  end p l a t e s .  Quadruple 
l a p  s h e a r  specimens have 4 x 4 x 0.10 i n .  ( . I02  x . l o 2  x ,00254 m) rubber p a d s  
bonded a t  each end of t h e  s teel  p l a t e s .  Two s h e a r  specimens and one t e n s i l e  
specimen were c o a t e d  on t h e  exposed r u b b e r  edges  t o  e v a l u a t e  a c a n d i d a t e  pro- 
t e c t i v e  c o a t i n g  material, Black-Out, a R. T. V a n d e r b i l t  p roduc t .  
The specimens were s u b j e c t e d  t o  env i ronmenta l  exposures  
i n  accordance w i t h  t h e  s c h e d u l e  shown i n  Table  V I I I .  Aging exposurls was conducted 
a t  80°F (300°K) t empera tu re  and ambient humid i ty ,  w h i l e  humidi ty  exposure  was i n  
an oven of 90% r e l a t i v e  humidi ty  and 110°F (317OK) tempera tu re .  
A f t e r  t h r e e  months exposure ,  t h e  p r o t e c t i v e  c o a t i n g  on t h e  
coa ted  specimens was e x t e n s i v e l y  cracked.  S e p a r a t i o n  o f  t h e  c o a t i n g  from t h e  
rubber  a l s o  occur red .  T h e r e f o r e ,  t h e  t h r e e  specimens w i t h  t h e  p r o t e c t i v e  coating 
were removed from f u r t h e r  tests. 
At t h e  end of each s p e c i f i e d  exposure  d u r a t i o n ,  t h e  remaining 
specimens were t e s t e d  t o  determine t h e  change i n  p r o p e r t i e s .  T e n s i l e  specimens 
were t e s t e d  t o  a s t r e s s  l e v e l  of 50 p s i  (3.45 x l o 5  N/m2) w h i l e  s h e a r  specimens 
were t e s t e d  t o  a s t r a i n  l e v e l  o f  300%. The t e s t  r e s u l t s  a r e  summarized i n  Table  
I X .  A c o n t i n u a l  i n c r e a s e  i n  s h e a r  modulus and d e c r e a s e  i n  t e n s i l e  s t r a i n  was 
i n d i c a t e d  w i t h  i n c r e a s e  i n  exposure  t ime.  Both o f  t h e s e  e f f e c t s  a r e  i n d i c a t i o n s  
of i n c r e a s e d  s t i f f n e s s  i n  t h e  rubber .  A t  t h e  end of n i n e  months exposure  t o  the 
h i g h  humidi ty  environment ,  an i n c r e a s e  i n  s h e a r  modulus from 24 t o  30 psi (1,65 
t o  2.07 x 105 N/m2) was no ted .  However, only  a s l i g h t  i n c r e a s e  i n  modulus was 
observed f o r  specimens exposed t o  t h e  m i l d e r  a g i n g  environment.  Specimens with 
an a d d i t i o n a l  month's humidi ty  exposure  a f t e r  t h e  n i n e  months aging exposure  
showed a s i g n i f i c a n t  i n c r e a s e  i n  s h e a r  modulus and d e c r e a s e  i n  t e n s ] - i e  s t r a i n ,  
Th i s  i n d i c a t e d  t h a t  t h e  s t i f f n e s s  of t h e  r u b b e r ,  a s  expected,  w a s  i n c r e a s e d  more 
r a p i d l y  under t h e  s e v e r e  humidi ty  exposure  t h a n  t h e  ambient ag ing  c o n d i t i o n s ,  
A f t e r  exposure  t o  a l l  t h e  s p e c i f i e d  c o n d i t i o n s ,  each specimen 
w a s  t e s t e d  t o  f a i l u r e ,  The p r o p e r t i e s  a t  f a i l u r e  are shown i n  Table  ZX. Compari- 
son  w i t h  test d a t a  of similar specimens n o t  s u b j e c t e d  t o  t h e s e  env i ronmenta l  
exposures ,  Figure 33, i n d i c a t e d  t h a t  t h e  shea r  modulus w a s  h ighe r  and t h e  s h e a r  
strength was lower. The s i g n i f i c a n t  d i f f e r ence  i n  t he  d a t a  confirmed the  n e c e s s i t y  
for p r o t e c t i n g  t h e  rubber  l a y e r  of t h e  f l e x i b l e  s e a l  a g a i n s t  t hese  types of 
envi-rron mznt a1 exposure. 
I n  o rde r  t o  q u a l i f y  a  m a t e r i a l  i n  time f o r  use i n  t h e  environ- 
mental 7 r o t e c t i o n  of t h e  rubber i n  t h e  f l e x i b l e  s e a l ,  an acce l e ra t ed  aging pro- 
gram was preformed t o  eva lua t e  two candidates  p r i o r  t o  f i n a l  s e l e c t i o n .  These 
candidate mate r i a l s  were Hypalon, a  DuPont s y n t h e t i c  rubber product ,  and 
&lox-obatyl rubber s h e e t .  I n  add i t i on  t o  t h e i r  e x c e l l e n t  p r o t e c t i v e  q u a l i t i e s ,  
these mate r i a l s  have the  des i r ed  p r o p e r t i e s  of low modulus and high e longat ion .  
HypaYon was appl ied  as a s u r f a c e  coa t ing ,  whi le  ch lorobuty l  rubber s h e e t  was 
bonded t i o  t h e  s e a l  su r f ace .  
Twelve specimens, 1.00 x 3.75 x 0.10-in.-thick (.0254 x 
-0952 x ,00254 m t h i ck )  rubber ,  wi th  t he  fol lowing su r f ace  p repa ra t ion  and pro- 
tective rnater ials  were prepared: 
No, of  Surf ace 
S D ~  time-n:; 
4 - 
Prepa ra t ion  P r o t e c t i v e  M a t e r i a l  
2 Untreated None 
2 Chlorinated None 
2 4 *Chlorobutyl rubber  s h e e t  (two s u r f a c e s )  
2 1 *Chlorobutyl rubber  s h e e t  ( a l l  s u r f  aces ) 
2 I p. Three brush coa ts  of Hypalon 
2 Chlorinated S i x  brush coa ts  of Hypalon 
- 
*8,02 i n ,  (5.08 x 10-4 m) ch lorobuty l  rubber s h e e t  bonded 
t o  specimen with PR-1221 adhesive. 
The specimens were mounted f o r  t e s t  i n  accordance wi th  ASTM-D518, Procedure B. 
The test method f o r  acce l e ra t ed  ozone cracking of vulcanized rubber  w a s  i n  
accordance with  ASTM-D-1149 us ing  t h e  counter-current  absorp t ion  column f o r  
measuring ozone concent ra t ion .  The specimens were sub jec t ed  t o  an exposure of 
158°F (343°K) f o r  70 h o u r s  and t h e n  7 days exposure  t o  an  ozone c o n c e n t r a t i o n  cf 
50 p a r t s  p e r  hundred m i l l i o n  p a r t s  of a i r  a t  a tempera tu re  of 140°F 4333"K), 
At t h e  end of exposure  t i m e ,  e x t e n s i v e  s u r f a c e  c racks  were 
apparen t  on t h e  specimens w i t h o u t  a p r o t e c t i v e  material, F i g u r e  34 .  Specimens 
t h a t  were c o a t e d  w i t h  e i t h e r  Hypalon o r  c h l o r o b u t y l  r u b b e r  s h e e t  showed no s u r f a c e  
d e t e r i o r a t i o n .  Subsequent d i s s e c t i o n  o f  t h e  specimens and examinat ion under  a 
seven-power m a g n i f i c a t i o n  r e v e a l e d  no  d e g r a d a t i o n  o f  t h e  under ly ing  r u b b e r  surf aces. 
These r e s u l t s  i n d i c a t e d  t h a t  e i t h e r  of t h e  c a n d i d a t e  m a t e r i a l s  can p rov ide  adequate  
p r o t e c t i o n  under t h e  test c o n d i t i o n s  of ag ing  and ozone exposure .  For s u r f a c e  pro- 
t e c t i o n  of t h e  f l e x i b l e  s e a l ,  Hypalon was s e l e c t e d  because  of i t s  e a s e  of a p p l i c a t i o n  
and good adhesion t o  b o t h  r u b b e r  and s t e e l  s u r f a c e s .  
2. Metal  Shim 
Normalized AISI 4130 s tee l  was t h e  m a t e r i a l  s e l e c t e d  f o r  t h e  
meta l  shims and end r i n g s  of t h e  f l e x i b l e  s e a l .  Th i s  s t e e l  h a s  a 70,000 psi 
(4 .83 x 108 N/m2) y i e l d  s t r e n g t h  and 29 x 106 p s i  (2 .0  x 1011 N/m2) t e n s i l e  
modulus. A l l  p r o p e r t i e s  n e c e s s a r y  t o  s u p p o r t  t h e  f l e x i b l e  s e a l  a n a l y s i s  a r e  
c h a r a c t e r i z e d  through t h e  e x t e n s i v e  use  of t h i s  m a t e r i a l  i n  t h e  i n d u s t r y ,  
Because of t h e  s i z e  and f l e x i b i l i t y  of t h e  s t e e l  shim,  d imens iona l  
s t a b i l i t y  of t h i s  m a t e r i a l  u s i n g  t h e  s e l e c t e d  shim f a b r i c a t i o n  method m u s t  be  
v e r i f i e d .  V e r i f i c a t i o n  o f  t h i s  c h a r a c t e r i s t i c s  was made i n  t h e  Process  Demonstra t ion 
Task as d i s c u s s e d  i n  S e c t i o n  I I I . B . 3 .  
3. E l a s t o m e r i c  Boot 
Gen-Gard V-45, an a c r y l o n i t r i l e - b u t a d i e n e  rubber  w i t h  s i l i c a  
f i b e r  f i l l e r s ,  was s e l e c t e d  as t h e  e l a s t o m e r i c  boo t  m a t e r i a l .  This  m a t e r i a l  
2 h a s  a minimum t e n s i l e  s t r e n g t h  of 2000 p s i  (1 .38 x 107 N/m ) and an e l o n g a t i o n  
of 200%. E l e v a t e d  t empera tu re  p r o p e r t i e s  f o r  t h e  t h e r m a l  response  p r e d i c t i o n  
of t h e  b o o t  were a v a i l a b l e  through i t s  used as motor c a s e  i n t e r n a l  i n s u l a t i o n ,  a s  
w e l l  as i n  s i m i l a r  a p p l i c a t i o n s  f o r  t h e  the rmal  p r o t e c t i o n  of f l e x i b l e  s e a l s .  
l3 . ASSEMBLY PROCESSES 
Laboratory  i n v e s t i g a t i o n s  t o  e s t a b l i s h  p r o c e s s i n g  m a t e r i a l s  and 
procedures f o r  t h e  assembly of t h e  f l e x i b l e  s e a l  were performed. Adhesive sys tems  
for the  r s ~ b b e r  pad bond and metal - to-rubber  bonds were e v a l u a t e d .  Each s t e p  of 
the bonding procedure ;  i .e. , s u r f a c e  p r e p a r a t i o n ,  adhes ive  a p p l i c a t i o n  and c u r e  
cyc le ,  was demonstra ted s o  t h a t  a  t echn ique  t h a t  r e s u l t e d  i n  minimum bond v o i d s  
afsd r n a x i m ~ ~ r r i  s h e a r  s t r e n g t h  can b e  s e l e c t e d .  Nondes t ruc t ive  test  methods f o r  t h e  
d e t e c t i o n  crf bond d e f e c t s  and i n t e r n a l  d e f e c t s  i n  t h e  r u b b e r  were  developed. The 
selected p r o c e s s i n g  and i n s p e c t i o n  p rocedures  were i n c o r p o r a t e d  i n t o  t h e  f a b r i c a t i o n  
of a f u l l  size p r o c e s s  demons t ra t ion  r i n g  t o  checkout t h e  e n t i r e  o p e r a t i o n a l  p rocedure  
and eqtiiprr1en.t p r i o r  t o  i n i t i a t i o n  o f  f l e x i b l e  s e a l  f a b r i c a t i o n .  
1. Adhesive E v a l u a t i o n  
a, Metal-to-Rubber Bond 
S e v e r a l  c a n d i d a t e  adhes ive  sys tems were  e v a l u a t e d  by t h e  
r - d b e r  f a b r i c a t o r ,  GT&R, f o r  use i n  t h e  bond between t h e  r u b b e r  pads and s t e e l  
shims. R e s u l t s  from l a p  s h e a r  specimen t e s t s  i n d i c a t e d  t h a t  only  Chemlok 304 
m d  305 adhes ives  (Bughson Chemical P r o d u c t s )  c o n s i s t e n t l y  r e s u l t e d  i n  100% 
cohesive  f a i l u r e  i n  t h e  r u b b e r  pad t h a t  had a  c h l o r i n a t i o n  t r e a t m e n t  of t h e  r u b b e r  
surfaces. Both of t h e s e  a r e  two-part  epoxy r e s i n ,  s t r u c t u r a l  adhes ive  s y s  tems , 
whish cure a t  room tempera tu re .  The Chemlok 305 adhes ive  w i t h  a lower  v i s c o s i t y  
was selected f o r  i t s  e a s e  of a p p l i c a t i o n  and u n i f o r m i t y  i n  w e t t i n g  of t h e  s u r f a c e .  
Subsequent: l a p  s h e a r  specimen t e s t s  demonstra ted &at t h e  u l t i m a t e  s h e a r  s t r e n g t h  
of the adhes ive  was i n  e x c e s s  of 2000 p s i  (1.38 x l o 7  ~ / m 2 ) .  Th is  v a l u e  i s  
s u b s t a n t i a l - l y  h i g h e r  t h a n  t h e  u l t i m a t e  s h e a r  s t r e n g t h  of t h e  r u b b e r  and meets t h e  
seal desigrn requ i rements .  
b .  Rubber Skive J o i n t  Bond 
To p r e c l u d e  premature  f a i l u r e ,  t h e  adhes ive  f o r  t h e  r u b b e r  
skive joint bond must n o t  only  have good bond s t r e n g t h ,  b u t  a l s o  have e l o n g a t i o n  
and durometer  h a r d n e s s  s imilar  t o  Gen-Shear 44125 rubber .  S e v e r a l  c a n d i d a t e  
adhes ive  s y s  t e m s  were  compara t ive ly  e v a l u a t e d .  These i n c l u d e d  : 
Uralane 5735 (Furane P l a s t i c s ,  I n c . )  
Uralane 8309 (Furane P l a s t i c s ,  I n c .  ) 
EC-1239, Class B (3M Company) 
Scotch-Grip 1300L (3M Company) 
B o s t i k  7074 and Boscodur 5 (Uni ted Shoe Manufactur ing Go, ) 
Quadruple l a p  s h e a r  specimens,  a s  shown i n  F igure  35, 
each w i t h  f o u r  0.30 x 2.0 x 2.0 (.0076 x .051  x .051  m) r u b b e r  pads ,  were pre-  
p a r e d  f o r  e v a l u a t i o n .  The r u b b e r  pad of each specimen con ta ined  45' skive j o i n t s  
o r i e n t e d  p a r a l l e l  and p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  of f o r c e .  The s k i v e  joints 
i n  t h e  r u b b e r  pad were bonded w i t h  t h e  c a n d i d a t e  adhes ives  and then  t h e  pads were 
bonded t o  t h e  s t e e l  p l a t e s  w i t h  Chemlok 305 adhes ive  t o  form t h e  specimen. 
The specimen t e s t  d a t a ,  F igure  36,  i n d i c a t e d  t h a t  Uralane 
5735, Scotch-Grip 1300L, and Bos t ik  7074 adhes ives  r e s u l t e d  i n  t h e  h i g h e s t  
u l t i m a t e  s t r e n g t h .  Examination o f  t h e  f a i l u r e  p l a n e  r e v e a l e d  t h a t  thll p h y s t c a l  
c h a r a c t e r i s t i c s  of Uralane 5735 and Scotch-Grip 1300L adhes ives  were n e a r l y  similar 
t o  t h e  Gen-Shear 44125 rubber .  These specimens have no s e p a r a t i o n  a t  t h e  s k i v e  
j o i n t .  P r i o r  t o  f i n a l  s e l e c t i o n ,  two a d d i t i o n a l  quadrup le  l a p  s h e a r  specimens 
were t e s t e d  t o  conf i rm t h e  r e p r o d u c i b i l i t y  i n  s h e a r  c h a r a c t e r i s t i c s  of  t h e  UraLane 
5 735 and Sco t  &-Grip 1300L adhes ive  s y s  tems . Examination of t h e  specimen failure 
p l a n e  showed, F igure  37, t h a t  t h e  s k i v e  j o i n t  w i t h  Uralane 5735 adhes ive  bond was 
i n t a c t  w h i l e  s u b s t a n t i a l  s e p a r a t i o n  o f  t h e  Scotch-Grip 1300L adhes ive  j o i n t  
occur red .  Ura lane  5735 adhes ive  was t h e r e f o r e  s e l e c t e d  f o r  use  i n  t h e  rubber s k i v e  
j o i n t  bond of t h e  s e a l .  
2. Bonding Process  E v a l u a t i o n  
a. S u r f a c e  P r e p a r a t i o n  
S i n c e  t h e  use  of masking m a t e r i a l s  i s  a n e c e s s i t y  i n  s e a l  
p r o c e s s i n g ,  t h e  d e g r a d a t i o n  o f  bond s t r e n g t h  on s t e e l  s u r f a c e s  t h a t  have been i n  
c0ntac.L w i t h  t h e s e  materials must b e  e v a l u a t e d .  I n  t h i s  e v a l u a t i o n ,  s t e e l  s h e e t s  
cscre initially g r i t  b l a s t e d  and t h e  s u r f a c e  of s e t s  of two s h e e t s  were p r e p a r e d  
as indicated i n  Tab le  X. Each s e t  of two p r e p a r e d  s t e e l  s h e e t s  was bonded w i t h  
&emlok 305 adhes ive  t o  form tes t  p a n e l s  i n  accordance w i t h  ASTM D1002. Three  
specimens were machined from each p a n e l  and t e s t e d  t o  de te rmine  t h e  bond s t r e n g t h .  
The test resealts showed t h a t  t h e  bond s t r e n g t h  of primed s t e e l  p a n e l s ,  i n  a l l  
cases, was l-ligher t h a n  b a r e  s t e e l  p a n e l s .  Bond s u r f a c e  i n  c o n t a c t  w i t h  e i t h e r  
peel coat 01- t e f l o n  t a p e ,  however, d i d  n o t  s i g n i f i c a n t l y  degrade t h e  bond s t r e n g t h .  
These m a s e r i a l s  were a c c e p t a b l e  f o r  masking of component p a r t s  and f i x t u r e s  d u r i n g  
seal p r o c e s s i n g .  
Pr iming of t h e  s t e e l  bond s u r f a c e s  was d e s i r a b l e  n o t  on ly  
LO a t t a i n  a h i g h e r  bond s t r e n g t h  as i n d i c a t e d  from specimen tests b u t  a l s o  t o  
D r o t e c t  t h e  components from c o r r o s i o n  i n  t h e  i n t e r i m  of s e a l  p r o c e s s i n g .  F'M-47 
p r i m e r  was s e l e c t e d  f o r  t h e  p r e p a r a t i o n  of t h e  s teel  component bonding s u r f a c e s  
m l n g  che fol-lowing p rocedure  : 
(1) Abrade t h e  s u r f a c e  w i t h  100 g r i t  z i r c o n i t e  a b r a s i v e  
ta remove all t r a c e s  of p r i m e r ,  r u s t ,  and f o r e i g n  m a t e r i a l s ,  
(2)  Clean t h e  abraded s u r f a c e  w i t h  t r i c h l o r o e t h a n e  s o l v e n t  
ilr.~d. ri11se w1t.h methyl-ethy l ketone s o l v e n t  . 
(3)  Apply FN-47 p r i m e r  and c u r e  a t  325 - + 25°F (436 - + 14°K) 
for two t o  f o u r  hours .  
E v a l u a t i o n  test performed by t h e  r u b b e r  s u p p l i e r ,  GT&R, 
indicated t h a t  t h e  s h e a r  s t r e n g t h  w a s  s u b s t a n t i a l l y  improved and f a i l u r e  o c c u r r e d  
cot ies lveiy  Ira. t h e  rubber  when t h e  r u b b e r  s u r f a c e  was t r e a t e d  w i t h  a c h l o r i n a t i o n  
solution, A5 p a r t  of t h e  p r o c e s s i n g  p rocedure  i n  seal  assembly,  each rubber  pad 
was przpalred f o r  bonding by t r e a t m e n t  i n  a c h l o r i n a t i o n  s o l u t i o n  c o n t a i n i n g  t h e  
f o l l o w i n g  ( 5 ~ 7  volume): 100 p a r t s  of d i s t i l l e d  w a t e r ,  3 p a r t s  of 5.25% sodium 
h y o o c h l o r i t e  s o l u t i o n ,  and 0 .5  p a r t s  of c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d .  Each 
rubber pad laas sc rubbed  w i t h  hexane s o l v e n t  and t h e n  submerged i n t o  t h e  s o l u t i o n  
f o r  five minutes .  Subsequen t ly ,  t h e  pad was r i n s e d  i n  d i s t i l l e d  w a t e r  and d r i e d  
prior t o  bonding.  
b .  Adhesive A p p l i c a t i o n  
M a t e r i a l ,  equipment,  and p r o c e s s i n g  t echn iques  were v e r i f i e d  
t o  e n s u r e  t h a t  t h e  a p p l i c a t i o n  of adhes ive  d u r i n g  f l e x i b l e  seal asserrlbly will meet 
t h e  s p e c i f i e d  requ i rements .  Procedures  f o r  mixing,  s p r e a d i n g ,  and c u r i z g  of 
adhes ive  were e v a l u a t e d .  
The t e c h n i q u e  of adhes ive  mixing w i t h  t h e  Semco mixer  was 
demonstrated.  A b a t c h  of Chemlok 305 adhes ive  c o n s i s t i n g  of 2000 grams each of 
p a r t s  -1 and -2, which i s  t h e  amount r e q u i r e d  f o r  each bonding o p e r a t i o n  of t h e  
s e a l ,  was mixed. The adhes ive  was d i spensed  i n t o  f o u r  t r a y s ,  each w i t h  a v a r y i n g  
d u r a t i o n  of mixing.  Lap s h e a r  test p a n e l s  were p r e p a r e d  from adhes ive  mixed f o r  
t h e  v a r i o u s  d u r a t i o n s .  Specimen test  r e s u l t s  i n d i c a t e d  t h a t  t h e  adhes ive  shear 
s t r e n g t h  i n c r e a s e d  from 1166 t o  2813 p s i  (8.04 t o  1 9 . 4  x  l o 6  N/m2) as a r e s u l t  
of i n c r e a s i n g  t h e  d u r a t i o n  from 1 0  t o  20 s t r o k e s  of t h e  mixer .  A mixing d u r a t i o n  
e q u i v a l e n t  t o  a minimum of 20 s t r o k e s  of t h e  mixer  was s p e c i f i e d  f o r  s e a l  
p r o c e s s i n g .  
No ev idence  of exo thermic  r e a c t i o n  t h a t  would s h o r t e n  t h e  
working l i f e  of t h e  adhes ive  was apparen t  a f t e r  t h e  adhes ive  was d i spensed  i n t o  
t r a y s .  The adhes ive  remained workable i n  excess  of 1 . 5  h o u r s  a f t e r  mixing.  
Th is  working l i f e  i s  normal ly  adequate  f o r  each bonding o p e r a t i o n  of the s e a l .  
A f i x t u r e ,  F igure  38,  was used t o  e v a l u a t e  t h e  e f f e c t s  
of s p r e a d i n g  t e c h n i q u e  and bonding p r e s s u r e  on t h e  r e s u l t a n t  bond l ine  charac- 
t e r i s t i c s .  The bond s u r f a c e s  were i n c l i n e d  a t  an ang le  of 40 degrees  (,698 r a d )  
from t h e  c e n t e r l i n e  t o  s i m u l a t e  t h e  f l e x i b l e  s e a l .  P r i o r  t o  applying; a d h e s i v e ,  
t h e  r u b b e r  and s t e e l  bonding s u r f a c e s  were coa ted  w i t h  a  r e l e a s e  agent  s o  t h a t  
t h e  adhes ive  l a y e r  could  be  removed f o r  d e t a i l e d  examinat ion.  A f t e r  adhes ive  was 
a p p l i e d ,  a 25 t o  28  i n .  Hg (8.44 t o  9 .45 x  l o 4  N/rn2) vacuum was drawn. i n  t h e  
vacuum chamber p r i o r  t o  mat ing of t h e  bonding s u r f a c e s .  During t h e  adhes ive  
c u r e  c y c l e ,  bond p r e s s u r e  was a p p l i e d  a t  t h e  bond i n t e r f a c e  by means of e x t e r n a l  
l o a d .  
Four s e t s ,  each conta in ing  two specimens, were processed 
for evalua t ion .  From the  r e s u l t s  of t h i s  eva lua t ion ,  t he  s e l e c t e d  adhesive 
app l i ca t ion  procedure w a s  : (1) spreading of t h e  adhesive wi th  a  s e r r a t e d  t rowel ,  
(23 mating of t h e  bond s u r f a c e s  under a  minimum of 25 i n .  Hg (8.44 x 104 ~ / m 2 )  
vacuum, and (3) cur ing  the adhesive wi th  5 p s i  (3.45 x 104 ~ / m 2 )  bondl ine  p re s su re  
and zero vacuum pressure .  
c. Nondestructive Tes t  Method 
Nondestruct ive test  techniques were eva lua ted  f o r  t h e  
detectioxl of de fec t s  i n  t h e  rubber pads and bond voids  a t  t he  rubber - to-s tee l  
adhesive bonds. 
General ly ,  two types of de fec t s  occur i n  t he  rubber  pad, 
voids o r  delaminat ions and i n c l u s i o n s .  A pulse-echo u l t r a s o n i c  (C scan)  method 
was found t o  be e f f e c t i v e  i n  de t ec t ing  voids  and delaminat ions.  In  t h i s  method, 
each rubber pad was immersed i n  a  fotof low s o l u t i o n ,  removed and dra ined ,  and 
placed i n  a  t r a y  of d i s t i l l e d  water .  The u l t r a s o n i c  s i g n a l  i s  t r ansmi t t ed  through 
t h e  pad  by  a t ransducer .  Any d e f e c t s  i n d i c a t e d  by a  change i n  s i g n a l  i s  auto- 
matically recorded i n  a  f u l l  s c a l e  map of t h e  pad a s  t h e  s u r f a c e  of the  pad i s  
scanned, The procedure f o r  t h i s  i n s p e c t i o n  method i s  descr ibed  i n  Appendix C. 
Foreign i nc lus ions  i n  rubber  pads were de t ec t ed  by convent ional  rad iographic  
techniques. 
I n  t h e  d e t e c t i o n  of bondline d e f e c t s ,  u l t r a s o n i c  and l a s e r -  
speckle i~nspec t ion  techniques were t h e  promising methods. The laser -speckle  
method was a candidate  f o r  d e t e c t i o n  of bond de fec t s  from the  rubber su r f ace .  I n  
this method, t h e  s u r f a c e  of t h e  bonded e las tomer  is  i l l umina ted  w i t h  a  l a s e r  beam, 
wkh& produces a  d i s t i n c t  speckle  p a t t e r n  on the  su r f ace .  When t h e  s u r f a c e  i s  
deformed s l i g h t l y  wi th  a  probe, t h e  p a t t e r n  s h i f t s  no t i ceab ly  i n  t h e  a r e a  around 
the probe. When an unbonded a r e a  e x i s t s  below t h e  probe, t h e  speck le  p a t t e r n  
shift is g r e a t e r .  The accuracy and s e n s i t i v i t y  of t h i s  method a r e  r e l a t e d  t o  t h e  
thickness and hardness  of t h e  elastomer.  Because of t h e  low modulus and 0 .3  i n .  
(, 036 rn) th ickness  i n  t h e  s e a l  rubber  pad, t he  r e s u l t s  ob ta ined  could n o t  be 
readily i n t e r p r e t e d .  
A c o n v e n t i o n a l  c o n t a c t  pulse-echo u l t r a s o n i c  t echn ique  was 
found t o  p r o v i d e  a h i g h  degree  of accuracy i n  t h e  d e t e c t i o n  of bond v o i d s  from 
b o t h  t h e  r u b b e r  pad and t h e  m e t a l  shim s u r f a c e s .  I n  t h i s  method, d i s t i l l e d  w a t e r  
w a s  used t o  m a i n t a i n  a c o u s t i c  coup l ing  between t h e  f a c e  of t h e  t r a n s d u c e r  and t h e  
c o n t a c t  s u r f a c e .  A procedure  f o r  t h i s  i n s p e c t i o n  t echn ique  was p repared  and i s  
d e s c r i b e d  i n  Appendix C. T h i s  t e c h n i q u e  was s e l e c t e d  f o r  use i n  t h e  i n s p e c t i o n  of 
bond d e f e c t s  d u r i n g  s e a l  p r o c e s s i n g .  
3. Process  Demonstra t ion Ring 
Two f u l l  s c a l e  s t e e l  shims were bonded t o  a  p r o t o t y p e  r u b b e r  
l a y e r  t o  v e r i f y  t h e  p r o c e s s  p rocedures  and t o o l i n g  i n t e n d e d  f o r  t h e  fabrication 
of t h e  f l e x i b l e  s e a l .  S u r f a c e  p r e p a r a t i o n ,  adhes ive  sys tem,  and bonding procedure  
d u p l i c a t e d  t h o s e  i n t e n d e d  f o r  s e a l  f a b r i c a t i o n .  
E igh t  r u b b e r  pads were c h l o r i n a t e d  and p o s i t i o n e d  on t h e  s e a l  
forward f l a n g e  i n  t h e  assembly bond f i x t u r e .  The pads were  bonded w i t h  Uraiane 
5735 adhes ive  t o  form a c i r c u l a r  r u b b e r  l a y e r .  Mating of t h c  pads was found t o  
be  s a t i s f a c t o r y  w i t h o u t  machining of t h e  i n t e r f a c e  edges .  The r e s u l t a n t  m i s m a t c l ~  
was w i t h i n  accep tance  l i m i t s .  
A s t e e l  shim was bonded t o  t h e  rubber  l a y e r  w i t h  Chernlok 305 
adhes ive .  T h i s  shim was mechanical ly  a t t a c h e d  t o  t h e  s e a l  a f t  f l a n g e  on t h e  
assembly bond f i x t u r e  a s  shown i n  F igure  39 t o  s i m u l a t e  c o n d i t i o n s  i n  t h e  
i n i t i a l  bonding sequence of t h e  a c t u a l  s e a l  f a b r i c a t i o n .  Subsequen t ly ,  a  s t e e l  
shim was bonded t o  t h e  o t h e r  f a c e  of t h e  rubber  l a y e r  d u p l i c a t i n g  t h e  e n t i r e  bonding 
p r o c e s s  p rocedure .  
A f t e r  complet ion of each bond, n o n d e s t r u c t i v e  tests were performed 
t o  determine t h e  bond i n t e g r i t y .  Using t h e  u l t r a s o n i c  method, a 0.5 i n ,  (,0127 m) 
unbonded a r e a  was d e t e c t e d  by i n s p e c t i o n  through t h e  rubber  l a y e r .  Subsequent 
d i s s e c t i o n  of t h e  r i n g  confirmed t h e  s i z e  and l o c a t i o n  of t h e  d e f e c t .  I n s p e c t i o n  
f o r  v o i d s  i n  t h e  second b o n d l i n e  a l s o  used an  u l t r a s o n i c  method. No i n d i c a t i o n  
o f  bond d e f e c t s  was o b t a i n e d  i n  i n s p e c t i o n  of t h i s  bond. 
V i s u a l  i n s p e c t i o n  of t h e  completed p r o c e s s  demons t ra t ion  r i n g  
revealed a 90' (1.57 r a d )  a r c  of mismatch between t h e  r u b b e r  l a y e r  and t h e  s t e e l  
shimsns. The mismatch r e s u l t e d  from d i sp lacement  of t h e  r u b b e r  l a y e r  by i n a d v e r t e n t  
c o n t a c t  w i t h  t h e  bond f i x t u r e  d u r i n g  t h e  bonding p r o c e s s .  M o d i f i c a t i o n s  o f  t h e  
assembly t o o l i n g  were  made, a s  d i s c u s s e d  i n  S e c t i o n  I V . B ,  t o  p r e v e n t  r e c u r r e n c e  of 
this problem and t o  p r o v i d e  more p o s i t i v e  a l ignment  of t h e  p a r t s  d u r i n g  bonding.  
Ten l a p  s h e a r  specimens were machined f rom t h e  p r o c e s s  demons t ra t ion  
r i n g  and t e s t e d  t o  determine t h e  a d h e s i v e  bond s t r e n g t h  and r u b b e r  c h a r a c t e r i s t i c s .  
Three specimens have a x i a l  s k i v e  j o i n t s .  Each specimen was 2 i n .  ( - 0 5 1  m) wide and 
was machined from t h e  c r o s s - s e c t i o n  of t h e  r i n g  as shown i n  F i g u r e  40. The s p e c i -  
men deformat ion d u r i n g  tes t  i s  shown i n  F i g u r e  41. S i x  specimens f a i l e d  i n  a s h e a r  
plane through t h e  r u b b e r  w i t h  u l t i m a t e  s h e a r  s t r e s s  and s t r a i n  l e v e l s  i n  e x c e s s  of 
600 p s i  and 700%, r e s p e c t i v e l y ,  Tab le  X I .  However, f o u r  specimens which were from 
the  same quadrant of t h e  r i n g  e x h i b i t e d  low u l t i m a t e  s h e a r  p r o p e r t i e s .  V i s u a l  
i n s p e c t i o n  of t h e s e  specimens r e v e a l e d  adhes ive  f a i l u r e  a t  t h e  i n t e r f a c e  between 
t h e  steel and t h e  FM-47 pr imer .  The cause  of t h i s  was a p p a r e n t l y  from con tamina t ion  
of t h e  s u r f a c e  by use  of impure s o l v e n t  combined w i t h  i n s u f f i c i e n t  cover ing  w i t h  
FPI-47 primer. Procedures  f o r  p r o c e s s i n g  o f  t h e  f l e x i b l e  s e a l  were changed t o  
i n c o r p o r a t e  t h e  use  of r e a g e n t  g r a d e  methyl-e thyl-ketone s o l v e n t  and t h e  a p p l i -  
c a t i o n  of two s p r a y  c o a t s  of FM-47 p r i m e r  w i t h  an i n t e r m e d i a t e  d r y i n g  c y c l e  between 
c o a t s  on a l l  s t e e l  components. 
V, TASK 111 - FABRICATION 
A* FLEXIBLE SEALS 
1. M e t a l  P a r t s  
A t o t a l  of t e n  m e t a l  shims and two sets of end r i n g s  were 
f a b r i c a t e d  by Oakland Machine Works. I n  a d d i t i o n  t o  t h e  e i g h t  m e t a l  shims 
required f o r  t h e  two f l e x i b l e  s e a l s ,  two shims were used i n  f a b r i c a t i o n  of t h e  
process demons t ra t ion  r i n g  of Task 11. 
A l l  of t h e  metal components were machined from r o l l e d - r i n g  
f o r g i n g s  of AISI 4130 s t e e l .  The s t e e l  f o r g i n g s  were h e a t  t r e a t e d  t o  a minimum 
y i e l d  s t r e n g t h  of 70,000 p s i  (4 .83 x 1 0 8  ~ j m ~ )  at 0.2% o f f s e t .  
Because t h e  components were comparat ively  f l e x i b l e ,  d imens iona l  
i n s p e c t i o n  was performed w h i l e  t h e  p a r t  was h e l d  r i g i d l y  on t h e  t u r n i n g  l a t h e  
a f t e r  complet ion of f i n a l  machining. I n  t h e  c a s e  of t h e  m e t a l  shim,  t h e  part 
was complete ly  machined e x c e p t  f o r  a  h o l d i n g  t a b ,  which was p a r t e d  a f t e r  conpleirion 
of i n s p e c t i o n .  The completed m e t a l  shim i s  shown i n  F igure  42. Dimensional 
i n s p e c t i o n  d a t a  i n d i c a t e d  no  d i s c r e p a n c i e s  from t h e  des igned  t o l e r a n t ~ e  s p e c i f i e d  
i n  t h e  e n g i n e e r i n g  drawing. 
P r i o r  t o  a c c e p t a n c e ,  each completed p a r t  was i n s p e c t e d  by the 
f a b r i c a t o r  u s i n g  t h e  magne t ic  p a r t i c l e  method. No s u r f a c e  d e f e c t s  were observed 
and a l l  t h e  p a r t s  were  a c c e p t e d  f o r  use  i n  f a b r i c a t i o n  of t h e  s e a l s .  
2. Rubber Pads 
F a b r i c a t i o n  of r u b b e r  pads was performed by Genera l  T i r e  and 
Rubber Company at t h e  Wabash, I n d i a n a  f a c i l i t i e s .  P r i o r  t o  i n i t i a t i o n  o f  pro- 
d u c t i o n ,  two t a s k s  were completed by t h e  f a b r i c a t o r  i n  s u p p o r t  of t h e  f a b r i c a t i o n  
e f f o r t .  These t a s k s  were t o  e s t a b l i s h  t h e  c u r i n g  p rocedure  and t h e  q.ua%ity c o n t r o l  
accep tance  c r i t e r i a ,  and t o  des ign  and f a b r i c a t e  t h e  p r o d u c t i o n  mold. 
Two l o t s  o f  Gen-Shear 44125 r u b b e r  were c h a r a c t e r i z e d  t o  e s t a b l i s h  
t h e  optimum c u r e  t ime f o r  f a b r i c a t i o n  of t h e  0 . 3  i n .  (.0076 m) t h i c k  rubber  pads, 
I n  de te rmin ing  t h e  optimum c u r e  t i m e ,  Rheometer tests were i n i t i a l l y  used t o  
o b t a i n  t h e  degree  of cure  w i t h  t ime  f o r  a  s e l e c t e d  cure  t empera tu re  of 280°F 
(411°K). F u l l  cure  was found t o  develop between SO t o  90 minutes  f o r  t h e  L o t  21 
m a t e r i a l  and 45 t o  70 minutes f o r  t h e  Lot 2 3  m a t e r i a l .  Subsequen t ly ,  4 x 4 x 8.3 
i n .  (. 102 x  . I 0 2  x .0076 m) s l a b s  of r u b b e r  were  cured  a t  t h e s e  d u r a t i o n s  and 
t e s t e d  i n  compression i n  accordance w i t h  t h e  p rocedure  s p e c i f i e d  i n  Table  XPI. 
Compressive l o a d  at  25% s t r a i n  v e r s u s  c u r e  t i m e  was p l o t t e d  a s  shown i n  F igure  4 3 ,  
Optimum cure  t ime which corresponds t o  maximum l o a d  was 70 and 60 minutes  for 
m a t e r i a l  Lots  2 1  and 23,  r e s p e c t i v e l y .  
The t e s t  s l a b s '  cured a t  t h e  optimum dura t ion  were t e s t e d  t o  
obtain compression-def l e c t i o n  curves f o r  each l o t  of ma te r i a l .  Acceptance limi ts , 
Figure 44, were e s t a b l i s h e d  which a r e  5 0 %  of t h e  average va lues  f o r  t h e  two 
lots of ma te r i a l s  t e s t e d .  When compression t e s t  r e s u l t s  of t h e  q u a l i t y  c o n t r o l  
specimen which were cured along wi th  the  s e a l  rubber pads, a r e  w i t h i n  these  
limits, the s e a l  pads a r e  considered c o r r e c t l y  cured and acceptab le .  
Product ion of t h e  rubber  pads used a  two-cavity mold, which 
consists of t h r e e  s e p a r a t e  p l a t e s .  The bottom p l a t e  has  c a v i t i e s  f o r  molding 
t w o  pads asad t h e  4 x 4 i n .  ( . I02 x . l o 2  m) q u a l i t y  c o n t r o l  specimen. The c e n t e r  
p l a t e  has 24 sprues  f o r  t r a n s f e r r i n g  t h e  raw m a t e r i a l  from t h e  pot  on top  of t h e  
center plate i n t o  t he  c a v i t i e s .  The c e n t e r  p l a t e  i s  r i g i d l y  a t t ached  t o  t he  
bottom plate by b o l t s .  The top  p l a t e  has a  ram t o  f o r c e  t h e  uncured s tock  from 
the pot through the  sprues .  During t h e  molding ope ra t ions ,  t h e  t h r e e  p l a t e s  a r e  
pos i t i oned  between hea ted  p l a t e n s  of a  h y d r a u l i c  p re s s  which e x e r t s  t he  molding 
pressure, 
I n i t i a l l y ,  t e n  rubber pads were f a b r i c a t e d  t o  checkout t he  
processing procedure and t o  determine dimensional con£ ormance of t h e  cured p a r t .  
Subsurface b l i s t e r s  were ev iden t  i n  each of t hese  pads. Most of t h e  b l i s t e r s  
were 0-06 t o  0.12 i n .  (.0015 t o  .0030 m) with  an occass iona l  one a s  l a r g e  as 0.5 
in, 1,0127 m) . The b l i s t e r s  were caused by the  s w i r l i n g  ac t ion  of t h e  raw 
s tock  being i n j e c t e d  i n t o  the  c a v i t i e s  which r e s u l t e d  i n  a i r  entrapment. The 
mold was reworked t o  remedy t h i s  problem. Pressure  s e a l s  were incorpora ted  s o  
that a 26-in. Hg (8.78 x 104 ~ / m 2 )  vacuum p res su re  can be  appl ied  t o  t he  mold 
cavities during cure.  Some of t he  sprues  were closed t o  change the  s w i r l  p a t t e r n  
of  the m a t e r i a l  e n t e r i n g  t h e  c a v i t i e s .  The ram p res su re  was inc reased  t o  900 p s i  
(6-21 x 106 IV/m2). Incorpora t ion  of t h e s e  changes g r e a t l y  reduced t h e  frequency 
of occurrence of t h e  b l i s t e r s .  
P r i o r  t o  acceptance of t h e  rubber  pads f o r  use i n  t h e  f l e x i b l e  
seal, each i n d i v i d u a l  pad w a s  sub jec t ed  t o  u l t r a s o n i c  and rad iographic  i n spec t ions .  
Internal d e f e c t s ,  such as voids ,  i n c l u s i o n ,  and undispersed carbon b lack  t h a t  may 
a d v e r s e l y  a f f e c t  t h e  performance of t h e  s e a l  were t h e  c r i t e r i a  f o r  re. jectioi- , .  
Twenty-six pads were found t o  have und ispersed  carbon b l a c k  and v o i d s  g r e a t e r  
t h a n  0.20 i n .  ( .0051 m). These pads were r e j e c t e d  and were used f o r  t h e  p r o c e s s  
demons t ra t ion  t a s k  on ly .  Replacements were f a b r i c a t e d  t o  o b t a i n  s u f f i c i e n t  pads 
f o r  t h e  two produc t ion  s e a l s .  
3. E l a s t o m e r i c  Boot 
The f a b r i c a t i o n  of t h e  e l a s t o m e r i c  b o o t  c o n s i s t e d  of hand l a y u p  
and a u t o c l a v e  c u r e  of Gen-Gard V-45 r u b b e r  on q u a r t e r  s e c t i o n  mandrels ,  The cured 
q u a r t e r  s e c t i o n s  were s p l i c e d  w i t h  a  l ayup  of a cushion of uncured V-45 on t h e  
s p l i c i n g  s u r f a c e s .  The p a r t s  were p o s i t i o n e d  i n  a s p l i c i n g  j i g ,  and the s p l i c e  
was cured  a t  300°F (422°K) t empera tu re  and 500 p s i g  (3 .45 x 106 ~ / m 2 )  p r e s s u r e .  
T e s t s  were performed by t h e  f a b r i c a t o r ,  Holz Rubber Company, 
t o  e v a l u a t e  t h e  mechanical  p r o p e r t i e s  o f  V-45 m a t e r i a l  s p l i c e d  by t h i s  p rocedure ,  
Three  specimens of V-45 i n c o r p o r a t i n g  t h e  s p l i c e  j o i n t s  and t h r e e  specimens w i t h -  
out  j o i n t s  were p r e p a r e d  and t e s t e d  i n  accordance w i t h  F e d e r a l  S tandard  601,  
Methods 4111 and 4121, Die # 3  t o  determine t h e  t e n s i l e  p r o p e r t i e s .  Minimum 
t e n s i l e  s t r e n g t h  and e l o n g a t i o n  of 1275 p s i  (8.79 x l o 6  ~ / m ~ )  and 500%, respec-  
t i v e l y ,  were o b t a i n e d  f o r  specimens w i t h  t h e  s p l i c e  j o i n t ,  a s  shown i n  Table  XIII 
These v a l u e s  m e t  t h e  des ign  requirements  of t h e  e l a s t o m e r i c  boo t  w i t h  a  h i g h  
margin of s a f e t y .  
The completed b o o t  was i n s p e c t e d  d imens iona l ly  and r a d i o g r a p h i c a l l y  
p r i o r  t o  accep tance .  Dimensional  i n s p e c t i o n  of b o t h  b o o t s  r e v e a l e d  t h a t  a l l  
dimensions were w i t h i n  des igned  t o l e r a n c e s .  Rad iograph ic  i n s p e c t i o n  of t h e  b o o t s  
i n d i c a t e d  t h a t  some de lamina t ions  e x i s t e d  a t  t h e  ends of t h e  b o o t  and a t  the 
S-sec t ion .  S ince  t h e s e  de lamina t ions  were g e n e r a l l y  i n  a  p l a n e  p a r a l l e l  t o  the 
s u r f a c e ,  f a i l u r e  of t h e  b o o t  r e s u l t i n g  from them i s  u n l i k e l y .  Because of t h e  
d i f f i c u l t y  i n  r e p a i r i n g  t h e  d e f e c t s , o n l y  t h e  d e f e c t s  t h a t  may i m p a i r  t h e  performance 
of t h e  b o o t  were r e p a i r e d .  I n  t h e  second b o o t ,  f i v e  v o i d  a r e a s  were r e p a i r e d  by: 
(1) removing t h e  v o i d  by g r i n d i n g ,  (2) f i l l i n g  t h e  a r e a  w i t h  uncured V-45 r u b b e r ,  
and (3) l o c a l l y  v u l c a n i z i n g  t h e  r u b b e r  i n  t h e  r e p a i r  a r e a .  
4. S e a l  Assembly 
I n  assembly of t h e  f l e x i b l e  s e a l ,  each component w a s  succes s ive ly  
bonded t o  t he  o t h e r  s t a r t i n g  a t  t h e  a f t  end r i n g .  The a f t  end r i n g  w a s  a t t ached  
t o  t h e  t o p  po r t ion  of t h e  assembly bond f i x t u r e  by t h e  s h a f t s  of t h e  a i r  cy l inde r .  
The fordaxti end r i n g  was pos i t i oned  on t h e  base  of t h e  f i x t u r e .  A s t e e l  shim 
was placed on t h e  forward r i n g  a s  shown i n  Figure 45 t o  s e r v e  a s  a  guide f o r  t h e  
bonding of t h e  rubber pads. Eight  pads,  p rev ious ly  prepared wi th  t h e  c h l o r i n a t i o n  
t rea tment ,  were pos i t i oned  on the  s t e e l  shim and bonded a t  the  s k i v e  j o i n t  wi th  
the  Gra lane  5738 urethane r e s i n .  Af t e r  cure ,  each sk ive  j o i n t  was v i s u a l l y  
i n s p e c t e d  t o  determine the  mismatch at the  j o i n t  and t h e  voids  on the  su r f ace .  
811 voids were r epa i r ed  by f i l l i n g  wi th  t h e  urethane r e s i n .  
Subsequently,  Chemlok 305 epoxy adhesive was appl ied  on t h e  
mating s u r f a c e  of t h e  a f t  end r i n g  and the  rubber l a y e r .  A t y p i c a l  procedure 
f o r  a p p l y i n g  and spreading  adhesive on the  s u r f a c e  of t he  component t h a t  r e s t s  
on t h e  b a s e  of t h e  f i x t u r e  i s  depic ted  i n  Figures  46 and 47. S imi l a r ly ,  t h e  
applying and spreading of adhesive on the  mating s u r f a c e  of t h e  component t h a t  i s  
a t tached  t o  t h e  top h a l f  of t h e  f i x t u r e  i s  shown i n  Figures  48 and 49. A s e r r a t e d  
s p r e a d e r  was used t o  r e g u l a t e  t h e  amount of adhesive t o  be depos i ted  on t h e  su r f ace .  
Af t e r  completion of adhesive a p p l i c a t i o n ,  t h e  top h a l f  of t h e  bond f i x t u r e  was 
i n v e r t e d  and mated with t h e  bottom h a l f  as  shown i n  Figures  50, 51, and 52. F i n a l l y ,  
the f i x c u r e  was pos i t i oned  f o r  adhesive cure under vacuum p res su re  and mechanical 
Psad ,  F i g u r e  53 .  
Visual  and u l t r a s o n i c  i n s p e c t i o n  of each bondline was performed 
a f t e r  completion of cure.  F l a t  pane ls  t h a t  were bonded wi th  each adhesive bond 
cycle  were machined i n t o  l a p  s h e a r  specimens and t e s t e d  t o  eva lua t e  t h e  adhesive 
curing c h a r a c t e r i s t i c s .  Adhesive cure c h a r a c t e r i s t i c s  and u l t r a s o n i c  i n s p e c t i o n  
r e s u l t s  f o r  both s e a l s  a r e  summarized i n  Table X I V .  
Some d iscrepancies  from s p e c i f i e d  requirements were noted i n  t h e  
first seal t o  be f a b r i c a t e d .  A mismatch of 0.080 i n .  (0 .002 m) occurred a t  t he  
i n s i d e  diameter bemeen  t h e  s e a l  upper f lange  and t h e  f i r s t  rubber  l aye r .  This 
problem was remedied by rework of t h e  assembly f i x t u r e  t o  p r o v i d e  f o r  mare 
a c c u r a t e  a l ignment  i n  t h e  c e n t e r i n g  of t h e  p a r t s  d u r i n g  bonding.  U l t r a s o n i c  
i n s p e c t i o n  of t h e  f i r s t  bond i n d i c a t e d  seven  unbonded areas, each approximately  
0 . 5  i n .  (.0127 m) d i a  and l o c a t e d  0 . 5  t o  1 . 0  i n .  ( -0127 t o  .0254 m) from t h e  
i n s i d e  d iamete r  edge. Th is  c o n d i t i o n  r e s u l t e d  from i n a d e q u a t e  f i l l i n g  of t h e  
vo ids  due t o  t h e  r a p i d  r e l e a s e  of vacuum p r e s s u r e .  The p r o c e s s  p rocedure  was 
subsequen t ly  r e v i s e d  t o  a l low f o r  a  slow r e l e a s e  of vacuum p r e s s u r e  and t o  
app ly  a  t h i c k e r  c o a t i n g  o f  adhes ive  on t h e  bond s u r f a c e s .  With t h e  i n c o r -  
p o r a t i o n  of t h e  r e v i s e d  p rocedures ,  only  one o t h e r  unbonded a r e a ,  0 . 5  i n .  ( ,0127 m) 
by 2.0 i n .  ( .051  m) was observed from u l t r a s o n i c  i n s p e c t i o n  on t h e  remaining bonds. 
This  unbonded a r e a ,  which was a t  t h e  edge of t h e  rubber  l a y e r ,  was r e p a i r e d  by 
f i l l i n g  w i t h  ChemLok 305 adhes ive .  
R e s u l t s  of adhes ive  c u r i n g  c h a r a c t e r i s  t i c s  i n d i c a t e d  t h a t  t h e  
adhes ive  s t r e n g t h s  of bond sequence No. 2  and 3  f o r  s e a l  No. 1 were lower  t h a n  
expec ted  ( s e e  Table  X I V ) .  Although t h e  lowes t  bond s t r e n g t h  s t i l l  p rov ided  a  
s a f e t y  f a c t o r  g r e a t e r  t h a n  2 .0  on t h e  s e a l  d e s i g n ,  t h e  l o t  o f  Chemlok 305 adhes ive  
w i t h  which t h e  low s t r e n g t h  was o b t a i n e d  was i s o l a t e d .  Th is  l o t  of adhesive- was 
removed from f u r t h e r  use  i n  s e a l  f a b r i c a t i o n .  
A f t e r  complet ion of t h e  adhes ive  bond o p e r a t i o n s ,  b o t h  s e a l s  
were c leaned  by g r i t b l a s t i n g  t o  remove e x t r u d e d  adhes ive .  The completed s e a l  i s  
shown i n  F igures  54 and 55. Measurements were t aken  a t  10 l o c a t i o n s  e q u a l l y  
spaced  around t h e  s e a l  c i rcumference t o  determine t h e  v a r i a t i o n  of s e a l  h e i g h t  and 
c o n c e n t r i c i t y  between t h e  end  f l a n g e  r i n g s .  The measurements a r e  t a b u l a t e d  i n  
Table  XV f o r  b o t h  seals. S e a l  No. 1 had  a  maximum h e i g h t  v a r i a t i o n  of 0 ,085 i n .  
(.(I0216 m) and a c o n c e n t r i c i t y  v a r i a t i o n  of 0 .041  i n .  (.00104 m), w h i l e  s e a l  No, 
2  had a  maximum h e i g h t  v a r i a t i o n  of 0.005 i n .  (.000127 m) and a  c o n c e n t r i c i c y  
v a r i a t i o n  of 0.072 i n .  (.00183 m). Th is  magnitude of v a r i a t i o n  can be  expec ted  
f o r  a s e a l  of t h i s  s i z e  and w i l l  n o t  a f f e c t  t h e  s e a l  performance.  
The e l a s t o m e r i c  b o o t  was i n s t a l l e d  on t h e  seals t o  complete t h e  
f l e x i b l e  s e a l  assembly (F igure  5 6 ) .  The boo t  was n o t  i n s t a l l e d  on s e a l  No. 2 
until a f t e r  completion of f u n c t i o n a l  t e s t s  conducted under Task I V  t o  f a c i l i t a t e  
v i s u a l  i n spec t ion  of t h e  s e a l  a f t e r  t e s t .  On s e a l  No. 1, however, t h e  boot  was 
instailed p r i o r  t o  t he  s t a r t  of t e s t i n g  t o  determine comparatively the  e f f e c t s  of 
the b o o t  on s e a l  performance. The processing procedure f o r  t h e  i n s t a l l a t i o n  of 
the boot was a s  fol lows:  
a. Clean b a r e  s t e e l  s u r f a c e s  by l i g h t  s andb la s t ing  and wipe 
vith MER s obvent . 
b.  Prime s t e e l  su r f aces  w i th  GACO N - 1 1  pr imer except  rubber  
surfaces a21d areas  f o r  bonding t o  t h e  boot .  
c. Apply a minimum of two coats  of GACO Flexmarine (Hypalon) , 
material ona t h e  O.D. and I . D .  s u r f a c e s  except  bonding a reas .  
d. I n s t a l l  andbond  t h e  e l a s t o m e r b o o t  t o  both  ends of t h e  
flexible seal with adhesive. 
e .  F i l l  the  cav i ty  between the  boot and the  s e a l  wi th  a  low 
viscosity s i l i c o n e  grease.  
B ,  ASSEMBLY TOOLING 
Five p r i n c i p a l  t o o l  i tems were f a b r i c a t e d  f o r  use i n  t h e  assembly 
9rocessing of t h e  f l e x i b l e  s e a l s .  These t o o l s  were: 
1. L i f t  and r o t a t e  f i x t u r e  
2.  Shim l i f t  f i x t u r e  
3.  Handling c a r t  
4. Boot bonding f i x t u r e  
5. Vacuum bonding f i x t u r e  
The largest t o o l  i t em was t h e  vacuum bonding f i x t u r e ,  which was f a b r i c a t e d  by 
Conseco Division of Whittaker Corporat ion,  San Leandro, Ca l i fo rn i a .  
A l l  o f  t h e  t o o l i n g  performed s a t i s f a c t o r y  f o r  t h e  i n t e n d e d  a p p l i c a t i o n  
excep t  some rework was done on t h e  bonding f i x t u r e .  Rework on t h e  a s s e d l y  bonding 
f i x t u r e  was made t o  remedy problems observed d u r i n g  f a b r i c a t i o n  o f  t h e  p r o c e s s  
demons t ra t ion  r i n g .  Th is  rework i n c l u d e d :  (a )  i n c r e a s e  t h e  number of alignment 
a d a p t e r s  from 4 t o  8 and s t r u c t u r a l l y  r e i n f o r c e  t h e  a d a p t e r s ,  (b)  r e p l a c e  t h e  a i r  
c y l i n d e r  e x t e n s i o n  s h a f t s ,  ( c )  p r o v i d e  s u p p o r t s  t o  p r e v e n t  s h i f t i n g  of the s e a l  end 
f l a n g e  d u r i n g  i n v e r t i n g ,  and (d )  i n c o r p o r a t e  mechanical  clamps f o r  s e a l i n g  of the 
f i x t u r e  and r e a c t i n g  t h e  f o r c e  a p p l i e d  dur ing  t h e  adhes ive  bond c u r e  c y c l e ,  The 
rework was completed p r i o r  t o  t h e  s t a r t  o f  s e a l  f a b r i c a t i o n .  
The shim l i f t  f i x t u r e  was i n i t i a l l y  des igned u s i n g  magnet ic  pads f o r  
t h e  l i f t i n g  f o r c e .  Because o f  t h e  h i g h  ang le  on t h e  shim s u r f a c e ,  however, t h e  
pads have a tendency t o  s l i d e  on t h e  shim s u r f a c e .  To p r o v i d e  a  more p o s i t i v e  
means of h o l d i n g  a t  t h e  l i f t  p o i n t s ,  t h e  f i x t u r e  was r e d e s i g n e d  u s i n g  t h e  smction- 
cup concept .  Three segments ,  approximately  14- i n .  (.355 m) long  were machined 
from t h e  p r o c e s s  demons t ra t ion  r i n g  f o r  t h i s  purpose .  Vacuum f i t t i n g s  and  gaskets 
were i n c o r p o r a t e d  on each segment t o  form a  s u r f a c e  s e a l .  Vacuum was drawn a t  t h e  
i n t e r f a c e  between t h e  segment and t h e  shim. Th is  r e v i s e d  f i x t u r e  performed w e l l  
i n  l i f t i n g  t h e  shim throughout  p r o c e s s i n g .  
C.  TEST FIXTURE 
The s e a l  t e s t  f i x t u r e  was f a b r i c a t e d  by Oakland Machine Works u s i n g  
r o l l e d  and welded T-1 s teel  p l a t e s .  P r e s s u r e  v e s s e l  grade s t e e l  i n  4 . 0  i n ,  (.LO2 m) 
t h i c k n e s s  was used f o r  t h e  t ank  and b a s e  s t r u c t u r e  of t h e  f i x t u r e ,  w h i i e  s t r u c t u r a l  
g r a d e  s t e e l  was used f o r  a l l  u n p r e s s u r i z e d  components. A l l  welds  were i n s p e c t e d  by 
r a d i o g r a p h i c  and magnet ic  p a r t i c l e  methods. A r e p a i r  weld was made a f t e r  a crack 
was d e t e c t e d  on t h e  weld between p a r t s  -204 and -205 ( s e e  F i g u r e  2 3 ) .  
A l l  mating s u r f a c e s  were machined t o  m e e t  t h e  des igned  dimensions .  
Because of t h e  c l o s e  t o l e r a n c e  requirement  f o r  s e a l i n g  between t h e  p i s t o n  m d  
t h e  c y l i n d e r  components of t h e  f i x t u r e ,  a t r i a l  assembly of t h e s e  components was 
performed by t h e  f a b r i c a t o r .  The d i a m e t r a l  c l e a r a n c e  between t h e  p i s  ton  and 
cylinder csxponents was 0.009 t o  0.012 i n .  (2.28 t o  3.05 x 10-4m) .  This c l e a r a n c e  
was acceptable  f o r  t h e  O-ring s e a l .  
During prepa ra t ion  of the  t e s t  f i x t u r e  f o r  s e a l  t e s t i n g ,  cracks were 
visually detected on the  su r f ace  of t h e  welds between the  a c t u a t i o n  l u g  and the  
tank structure and a t  t he  c y l i n d r i c a l  w a l l  of t h e  tank s t r u c t u r e  a s  shown i n  Fig- 
ure 57, Longitudinal  and t r ansve r se  cracks were observed on t h e  a c t u a t i o n  lug  
w e l d s .  P l ong i tud ina l  weld c rack ,  Figure 58, was observed i n  t he  region of t h e  
cylindrical w a l l  where r e p a i r  welding had been accomplished. None of these  weld 
cracks was i nd i ca t ed  on X-ray f i lms  from radiographic  i n spec t ion .  Because of t he  
uncertainty on the depth of the  weld c racks ,  t he  t e s t  f i x t u r e  was r e tu rned  t o  t he  
fabricator for f u r t h e r  examination and rework. 
Af t e r  t h e  t e s t  f i x t u r e  had been r e tu rned  t o  t h e  f a b r i c a t o r  a  complete 
r a d i c g r a p h i c  i n spec t ion  was made of t h e  c i r cumfe ren t i a l  weld i n  which cracks 
h r d  bee2 visually observed. A l l  d e t e c t a b l e  weld cracks from both v i s u a l  and 
radiographic inspections were removed by gr inding.  Weld r e p a i r s  were made i n  
these areas under condi t ions  of s t r i n g e n t  c o n t r o l  on prehea t  and welding techni-  
ques. Stbsequent rad iographic  i n spec t ion  i n d i c a t e d  e x c e l l e n t  p e n e t r a t i o n  of t h e  
repair welds and no a d d i t i o n a l  cracks i n  t h e  weld. 
To provide an i n d i c a t i o n  of t he  s t r e s s  l e v e l  w i t h i n  each weld i n  t h e  
t e s t  fixture, a  s t r e s s  ana lys i s  was conducted using the  f i n i t e  element method. 
Stress levels for both t h e  high p re s su re  and vec to r ing  condi t ions  were obtained.  
The results are summarized i n  Table XVI and i n d i c a t e d  a  varying s t r e s s  of 20,282 
p s i  (L,4 x 108 3/m2) occurred a t  t h e  weld between p a r t s  -204 and -205. This 
stress level is s u b s t a n t i t a l l y  below the  a n t i c i p a t e d  weld s t r e n g t h  of 70,000 p s i  
( 4 . 8 3  x 108 ~~n2). 
Dirrensional i n spec t ion  of t h e  t e s t  f i x t u r e  a f t e r  weld r e p a i r  i n d i c a t e d  
tha t  an o v a l i t y  e x i s t e d  on t h e  i n s i d e  diameter  of p a r t  -205. Diameter measurements 
varied between 1108,256 i n .  t o  108.285 i n .  (2.7497 t o  2.7504 m) a t  t h e  a r e a  where the  
O-ring seals. To e l imina te  p o s s i b l e  i n t e r f e r e n c e  wi th  the  p i s t o n ,  t he  diameter  of t h e  
bore was machined t o  a  minimum of 108.268 i n .  (2.7500 m) . Fur ther  dimensional t o l e r ance  
a n a l y s i s  r e v e a l e d  t h a t  t h e  s e a l i n g  c a p a b i l i t y  of t h e  O-ring was i n a d e q u a t e  under  
the w o r s t  t o l e r a n c e  c o n d i t i o n .  T h e r e f o r e ,  O-rings w i t h  an i n c r e a s e d  c r o s s  
s e c t i o n a l  d iamete r  t o  p r o v i d e  t h e  p r o p e r  squeeze  were  used w i t h  t h e  reworked 
f i x t u r e  . 
V I  . TASK I V  - TESTING 
A. TEST SETUP 
The f l e x i b l e  s e a l  t e s t  program was conducted i n  t h e  S t r u c t u r a l  T e s t  
Laboratory  us ing  t h e  U n i v e r s a l  T e s t  C e l l  and t h e  I n s t r u m e n t a t i o n  and Cont ro l  
Center .  The s e a l  test  f i x t u r e  was i n s t a l l e d  i n  t h e  t e s t  c e l l  and t h e  b a s e  cylinder 
of t h e  f i x t u r e  was l e v e l e d  and welded t o  t h e  f l o o r  p l a t e  of t h e  t e s t  cell. A 
h y d r a u l i c  j a c k  f o r  l i f t i n g  and lower ing  t h e  p i s t o n  of t h e  test  f i x t u r e  was b o l t e d  
t o  t h e  f l o o r  p l a t e .  
The f l e x i b l e  s e a l  was assembled t o  t h e  t e s t  f i x t u r e  a s  depicted i n  
F igure  59. With t h e  seal p r o p e r l y  assembled,  motor l o a d s  on t h e  s e a l  were s i m c l a t e d  
by p r e s s u r i z i n g  t h e  f i x t u r e  w i t h  n i t r o g e n  gas .  A  p r e s s u r i z e d  a r e a  of the f ~ x t u r e  
was s e l e c t e d  t o  p rov ide  t h e  r e q u i r e d  e j e c t i o n  f o r c e  on t h e  seal. S imul taneous ly ,  
t h e  same gas  p r e s s u r e  a c t e d  on t h e  o u t s i d e  d iamete r  of t h e  s e a l .  To o b t a i n  the 
seal b e h a v i o r  t h a t  is  d i r e c t l y  a p p l i c a b l e  t o  t h e  expec ted  performance on the 
260 i n .  (6.6 m) motor n o z z l e ,  t h e  a c t u a t o r  a t t achment  p o i n t s  on t h e  f i x t u r e  were 
l o c a t e d  i d e n t i c a l l y  t o  t h e  n o z z l e  des ign .  
1. Proof  P r e s s u r e  T e s t  
For  t h e  proof  p r e s s u r e  t es t ,  t h e  -301 lower  p l a t e n ,  o r  p i s t o n ,  
of t h e  t e s t  f i x t u r e  was b o l t e d  t o  t h e  bot tom of t h e  -401 upper  p l a t e n  assembly,  
a s  shown on t h e  r i g h t  hand s i d e  of F i g u r e  59.  I n  t h i s  c o n f i g u r a t i o n ,  the  motor 
l o a d s  of e j e c t i o n  f o r c e  and chamber p r e s s u r e  a c t i n g  on t h e  s e a l  were b o t h  sinu- 
l a t e d  by p r e s s u r i z a t i o n  of t h e  f i x t u r e .  A  s c h e m a t i c  d iagram of t h e  gas  p r e s s u r e  
sys tem f o r  t h i s  test i s  shown i n  F i g u r e  60. 
Ins  t rwnenta t ion  was i n s t a l l e d  t o  determined t h e  shim compressive 
stress and a x i a l  d e f l e c t i o n  of t h e  seal at  va r ious  p re s su re  levels. Four b i a x i a l  
strain gages were placed 90' (1.57 r ad )  apa r t  on t h e  i n n e r  circumference of t h e  
middle shim as shown i n  Figure 61. S t r a i n  d a t a  were recorded manually using 
32H SR-4 s t r a i n  i n d i c a t o r s .  Axia l  d e f l e c t i o n s  of t h e  s e a l  were obta ined  using 
dial i n d i c a t o r s  a t  90° ( l . 57  rad)  l o c a t i o n s ,  Figure 62. Reading of t h e  i n d i c a t o r s  
K a s  done remotely u t i l i z i n g  closed c i r c u i t  t e l e v i s i o n  The equipment f o r  monitoring 
the i a s - t~eumnts  and recording t h e  d a t a  i s  shown i n  Figure 63. Tes t  p re s su re  was 
measured with two 0-1500 p s i  p re s su re  t ransducers .  The output  from t h e  t ransducers  
was c o ~ t i n u o u s l y  recorded on an osc i l lograph .  Control  of t h e  t e s t  p re s su re  was 
accomplished manually using a  hand va lve  and t h e  p re s su re  gage for r e f e rence ,  
Figure 6 4 ,  
The t e s t  s e tup  f o r  t h e  s e a l  proof p re s su re  t e s t  is  shown i n  
F i g u r e  65. 
2 ,  Vectoring Tes ts  
The t e s t  f i x t u r e  conf igura t ion  f o r  t h e  s e a l  vec tor ing  t e s t  i s  
depic ted  on the  l e f t  hand s i d e  of Figure 59. I n  t h i s  conf igura t ion ,  the  -301 
piston iJas lowered away from t h e  upper p l a t e n  and t h e  b o l t  ho le s  were s e a l e d  wi th  
p i p e  p l u g s ,  To e l imina te  t h e  p o s s i b i l i t y  of loading the  s e a l  i n  t ens ion  i n  t h i s  
configuratiora , t h e  f i x t u r e  was equipped wi th  t h r e e  a d j u s t a b l e  suppor t  arms, 
which t r a n s f e r r e d  t h e  weight of t h e  upper p l a t e n  assembly t o  t he  tank s t r u c t u r e  
of the f i x tu r e  and bypassed t h e  s e a l .  
In the  vec to r ing  conf igura t ion ,  the  i n c r e a s e  i n  p re s su r i zed  
area requi red  t h a t  t he  t e s t  p re s su re  be reduced t o  a t t a i n  t he  proper  e j e c t i o n  
force  Dn the s e a l .  Thus, whi le  e j e c t i o n  fo rce  w a s  of t h e  c o r r e c t  magnitude during 
vec tor ing  test:, t he  chamber p re s su re  on t h e  s e a l  e x t e r n a l  s u r f a c e  w a s  n e c e s s a r i l y  
IOW, 
An 8 i n .  (.203 m) d i a  h y d r a u l i c  c y l i n d e r  w i t h  s e r v o v a l v e  c o n t r o l  
c a p a b i l i t y  was used t o  d e f l e c t  t h e  seal d u r i n g  v e c t o r i n g  test, Opera t ing  a t  
3000 p s i  (2.07 x  l o 7  N/m2) h y d r a u l i c  p r e s s u r e ,  t h e  a c t u a t o r  h a s  a 12C1,000 Ib 
(5.35 x  lo5  N) f o r c e  c a p a b i l i t y  and a - +12 i n .  (. 305 m) s t r o k e .  A Dennison 
h y d r a u l i c  pump hav ing  a f low c a p a b i l i t y  o f  20 gpm (.00126 m3/sec) a t  3000 p s i g  
(2.07 x  1 0 7  N/m2) p r e s s u r e  s u p p l i e d  t h e  a c t u a t o r .  A s c h e m a t i c  diagram of  t h e  
a c t u a t i o n  sys tem i s  d e p i c t e d  i n  F i g u r e  66. 
The d e s i r e d  d e f l e c t i o n  a n g l e / a c t u a t o r  s t r o k e  program was 
p l o t t e d  on R-I C o n t r o l s  Type MCR48-1010 graph paper .  Th i s  paper  was p l a c e d  on 
t h e  drum of a  Model FGE 5048 Data-Trak Programmer (Research I n c o r p o r a t e d ) .  The 
outpu t  from t h e  programmer was f e d  i n t o  a Model LC 5131 Servac  se rvo- -con t roLle r  
(Research I n c o r p o r a t e d ) ,  which c o n t r o l l e d  a Raymond Atch ley ,  I n c . ,  Model 425,  
25 gpm s e r v o v a l v e .  One of t h e  R-I Cont ro l s  Model 7101-16 d i sp lacement  t r a m -  
ducers  on t h e  a c t u a t o r  was connected t o  supp ly  feedback s i g n a l  t o  t h e  servo- 
c o n t r o l l e r .  
I n  a d d i t i o n  t o  s t r a i n  gages f o r  measurement of shim s t r e s s e s ,  
o t h e r  i n s t r u m e n t a t i o n  was i n c o r p o r a t e d  f o r  t h e  v e c t o r i n g  t e s t  . D e f l e c t i o n  
p o t e n t i o m e t e r s  were used t o  measure t h e  a c t u a t o r  s t r o k e  p o s i t i o n .  Acruation 
l o a d  was measured by a Morehouse-ring l o a d  c e l l ,  which was i n t e g r a l l y  assembled 
t o  t h e  a c t u a t o r .  Supply and r e t u r n  l i n e  p r e s s u r e  and t h e  d i f f e r e n t i a l  p r e s s u r e  
a c r o s s  t h e  h y d r a u l i c  a c t u a t o r ,  as w e l l  as gas  p r e s s u r e  on t h e  test  f i x t u r e  were 
measured by Tabor p r e s s u r e  t r a n s d u c e r s .  A t a b u l a t i o n  o f  t h e  t y p e  and range of 
i n s t r u m e n t a t i o n  used i s  shown i n  Tab le  XVII. 
To o b t a i n  t h e  s e a l  performance c h a r a c t e r i s t i c s ,  movement of 
two s e l e c t e d  p o i n t s  on t h e  test  f i x t u r e  was measured. These p o i n t s  a r e  denoted 
a s  E and F on F igure  59. Two d e f l e c t i o n  p o t e n t i o m e t e r s  were  connected to each 
p o i n t  and a t t a c h e d  t o  a f i x e d  b r a c k e t  on t h e  o t h e r  end a t  a prede te rmined  a n g l e  
as shown i n  F igure  67. During v e c t o r i n g ,  t h e  change i n  l e n g t h  of each p o t e n t i o -  
meter was measured and t h e  X and Y c o o r d i n a t e s  of t h e s e  p o i n t s  were c a l c u l a t e d ,  
From t h e  c a l c u l a t e d  p o s i t i o n s  of t h e s e  two p o i n t s ,  t h e  a x i a l  and l a t e r a l  d e f l e c t i o n ,  
r o t a t i o n  a n g l e ,  p i v o t  p o i n t  l o c a t i o n ,  and r o t a t i o n a l  t o r q u e  of t h e  seal were 
analyzed by t h e  procedure ou t l i ned  i n  Appendix D. This procedure w a s  programmed 
into the computer f o r  s o l u t i o n .  
A photograph of t h e  t e s t  s e tup  f o r  conducting the  s e a l  vec to r ing  
test is shown i n  Figure 68. 
B, TEST PROCEDURE 
1, S e a l  Measurement 
Height and l a t e r a l  measurements of t he  s e a l  were taken a s  shown 
ic. Figure 69 ,  a t  s p e c i f i e d  s t e p s  of t h e  t e s t  procedure t o  determine i f  t h e  f ree-  
s t a t e  confLguration of t he  s e a l  was s i g n i f i c a n t l y  changed during t e s t .  The 
he igh t  measurements were made wi th  a  v e r n i e r  h e i g h t  gage a t  45' (.785 rad)  
i n t e r v a l s ,  whi le  l a t e r a l  measurements were taken wi th  a  micrometer a t  f o u r  p l aces ,  
36' (1,57 radj apa r t .  The i n i t i a l  measurements, which were used as  a  r e f e rence ,  
were nade with t h e  s e a l  b o l t e d  t o  t h e  -401 upper p l a t e n  of t h e  t e s t  f i x t u r e .  A f t e r  
assembly of cl-se s e a l  t o  t he  f i x t u r e ,  t h e  se t screws  i n  t h e  t h r e e  suppor t  arms of t h e  
fixture were ad jus ted  t o  ob ta in  a  s a t i s f a c t o r y  match t o  t he  re ferenced  h e i g h t  
~neasurements. Subsequently,  s e a l  measurements were taken a f t e r  completion of t h e  
?roof pressure  and vec tor ing  t e s t s  and a f t e r  each phase of t h e  d e s t r u c t i v e  t e s t s .  
I n  a d d i t i o n ,  t he  i n s i d e  diameters of t h e  s e a l  a t  l o c a t i o n s  t h a t  
corresponded ir o the above l a t e r a l  measurements were measured be fo re  and a f t e r  
completion of a l l  the  t e s t s  t o  v e r i f y  t h e  f r e e - s t a t e  conf igura t ion  of t he  seal. 
2 ., Leak Tes t  
Leak t e s t  on t h e  s e a l  was conducted p r i o r  t o  f u n c t i o n a l  t e s t  and 
after each step of p re s su re  and vec to r ing  t e s t s .  P r i o r  t o  t he  s t a r t  of p re s su re  
test, a mixture of n i t r o g e n  and helium gas was used t o  p r e s s u r i z e  t h e  t e s t  f i x t u r e  
co  "EO psig (IS, 9 x  l o5  ~ / m 2 ) .  A f t e r  ho ld ing  at t h i s  p re s su re  f o r  2 min. t he  pres-  
su-9-s was reduced t o  30 p s i g  (2.07 x 105 ~ / m ~ ) .  At t h i s  p re s su re ,  a  CEC Model 24- 
l20A Helium -Leak Detec tor  was used t o  i n s p e c t  t he  i n s i d e  diameter of t he  s e a l  f o r  
l eakage .  I n  b o t h  p r e s s u r e  and v e c t o r i n g  test sequences ,  l e a k  tests were performed 
u s i n g  a  hel ium l e a k  d e t e c t o r .  
F u n c t i o n a l  t e s t s  were performed on b o t h  f l e x i b l e  s e a l s ,  S e a l  SN 
0 1  w i t h  t h e  e l a s t o m e r  b o o t  i n  p l a c e  and S e a l  S/N 02 w i t h o u t  t h e  b o o t .  
a. P r e s s u r e  Proof  T e s t  
Following a s a t i s f a c t o r y  l e a k  t es t ,  t h e  p r e s s u r e  i n  t h e  
f i x t u r e  was i n c r e m e n t a l l y  i n c r e a s e d  t o  200, 400, 600, 735, and 850 p s i g  (1,38, 
2.76,  4.14,  5 .06,  and 5.86 x l o 6  iY/m2). The p r e s s u r e  was main ta ined  a t  each 
l e v e l  t o  r e c o r d  s t r a i n  gage and s e a l  d e f l e c t i o n  d a t a .  At t h e  850 p s i g  (5,86 x 
106 PJ/m2) p r e s s u r e  l e v e l ,  b o t h  t h e  e j e c t i o n  f o r c e  and p r e s s u r e  l o a d  a c t i n g  on t h e  
s e a l  were e q u i v a l e n t  t o  115% of t h e  260-in. (6.6 m) motor MEOP l o a d s .  
b .  Vector ing T e s t  
I n  t h e  v e c t o r i n g  c o n f i g u r a t i o n  of t h e  f i x t u r e ,  a 2,2 p s i g  
(1.52 x 104 N/m2) p r e s s u r e  was main ta ined  t o  b a l a n c e  t h e  we igh t  of t h e  fixture 
upper p l a t e n  p r i o r  t o  removal of t h e  s u p p o r t  arms i n  p r e p a r a t i o n  f o r  vectoring 
t e s t .  Th i s  p r e s s u r e  was c o n s i d e r e d  t h e  r e f e r e n c e  "zero" c o n d i t i o n ,  and seal 
h e i g h t  and l a t e r a l  measurements were t a k e n  i n  t h i s  c o n d i t i o n  d u r i n g  v e c t o r i n g  
t e s t s .  
A s e r i e s  of v e c t o r i n g  t e s t s  t o  a - +2' (.0349 r a d )  deflection 
a n g l e  was conducted on t h e  p i t c h  and yaw p l a n e s  of t h e  two s e a l s  as i r l d i c a t e d  i n  
Tab le  XVIII. I n  t h e  0-180' (0-3.14 r a d )  p l a n e ,  du ty  c y c l e  A t e s t s  were performed 
a t  p r e s s u r e  l e v e l s  of 2 .2 ,  30, 58,  87, and 111 p s i g  (1.52,  20 .7 ,  4 0 . 0 ,  60 .0 ,  and 
76.5 x  104 N / ~ z ) .  At t h e  111 p s i g  (76.5 x 104 ~ / m 2 )  p r e s s u r e  l e v e l ,  *:he ejection 
f o r c e  a c t i n g  on t h e  s e a l  was e q u i v a l e n t  t o  115% of t h e  motor MEOP l o a d .  In  addition, 
duty c y c l e  B t e s t s  were performed a t  p r e s s u r e  l e v e l s  o f  40 and 2.2 psi.g (27,6:  and 
1,52 x io4 ~ J m 2 )  + The tests on the 90-270' (1.57-4.71 r a d )  p l a n e  were i d e n t i c a l  
excep t  that t h e  du ty  c y c l e  A tests w i t h  30 and 87 p s i g  (20.7 and 60 x 104  N / I Q ~ )  
pressure were omi t ted .  
The duty  c y c l e s  and t h e  p o i n t s  a t  which d a t a  were  s u b s e q u e n t l y  
reduced are shown i n  F igure  70. Duty c y c l e  A c o n s i s t e d  of a  s e r i e s  of 0.5" ( .00873 
rat?) i n c r e m e n t a l  s t e p s  through p l u s  and minus 2' (.0349 r a d )  w i t h  a  h o l d  of approxi-  
.irlately 3 seconds a t  each level. The v e c t o r i n g  r a t e  between l e v e l s  was approxi-  
mately 1?-25" 4.00436 r a d )  p e r  second. Duty c y c l e  B con ta ined  1 0  c y c l e s  of - + l o  
1.6175 sad) fol lowed by 10 c y c l e s  of - +2" (.0349 +ad) d e f l e c t i o n  ang le .  The maxi- 
munt vectoring r a t e  a t t a i n e d  was 0.5' ( .00873 r a d )  p e r  second,  and t h e  rate was 
normall) be~weea 0.4' (.00698 r a d )  and 0 ,5 '  ( .00873 r a d )  p e r  second.  
S i n c e  t h e  s e a l  d e f l e c t i o n  a n g l e  was c o n t r o l l e d  by t h e  
actuatey stroke, a v e c t o r i n g  t e s t  was i n i t i a l l y  performed t o  e s t a b l i s h  t h e  
r e l a t i c n s h i p  of d e f l e c t i o n  a n g l e  and a c t u a t o r  s t r o k e .  A test  c y c l e  a t  2 .2  p s i g  
(1-52 x 10' N'/rn2) p r e s s u r e  and a p r e d i c t e d  1 . 5 "  (.0262 r a d )  d e f l e c t i o n  a n g l e  was 
performed;. The c a l c u l a t e d  d e f l e c t i o n  a n g l e  by computer a n a l y s i s  was o b t a i n e d  t o  
correlate w2th t h e  measured a c t u a t o r  s t r o k e .  From t h i s  r e l a t i o n s h i p ,  t h e  s t r o k e  
f o r  a 2" (.0349 r a d )  a n g l e  was p r e d i c t e d  f o r  use  i n  t h e  subsequen t  v e c t o r i n g  t e s t s .  
The a c t u a t o r  n u l l  p o s i t i o n  changed w i t h  chamber p r e s s u r e  
as a result of t h e  a x i a l  de format ion  of t h e  s e a l .  To de te rmine  t h e  n u l l  p o s i t i o n  
o f  the actuator at each t e s t  p r e s s u r e  l e v e l ,  an a d d i t i o n a l  t e s t  was performed 
by pressurizing t h e  chamber t o  t h e  r e q u i r e d  p r e s s u r e  l e v e l  w i t h  b o t h  s i d e s  of t h e  
a c t ~ a t o r  vented t o  atmosphere.  The average a c t u a t o r  s t r o k e  p o s i t i o n  from ascend ing  
arc! descending p r e s s u r e  t e s t s  was t a k e n  as t h e  n u l l  p o s i t i o n  f o r  t h a t  p r e s s u r e  
level .  
4 ,  D e s t r u c t i v e  T e s t  
D e s t r u c t i v e  tes t  was performed on S e a l  S/N 0 1  w i t h  t h e  e l a s t o m e r i c  
bootm installed and f o l l o w i n g  complet ion of t h e  f u n c t i o n a l  tests. Three  t y p e s  of 
tests were i n c l u d e d :  v e c t o r i n g ,  f a t i g u e  , and p r e s s u r e  t e s t s .  
a. Vec tor ing  T e s t  
The seal was d e f l e c t e d  t o  - + 3 O  ( .0524 r a d )  and - 5 3 - 5 "  (, 06-1 
rad)  at  two t e s t  p r e s s u r e s ,  30 and 87 p s i g  (20.7 and 60.0 x 104  N/m2.). The 87 
p s i g  (60.0 x 104 N/m2) p r e s s u r e  r e s u l t e d  i n  an e j e c t i o n  f o r c e  which was e q u i v a l e n t  
t o  90% of t h e  260-in. (6.6 m) d i a  motor MEOP load .  A d u t y  c y c l e  A prrogram w a s  
used i n  each t e s t  sequence.  I n  t h e  p r e p a r a t i o n  of t h e  Data-Trak t r a c e  f o r  these 
tests,  t h e  n o n l i n e a r i t y  i n  t h e  r e l a t i o n s h i p  between d e f l e c t i o n  a n g l e  and a c t u a t o r  
s t r o k e  r e v e a l e d  from f u n c t i o n a l  t e s t  d a t a  was i n c o r p o r a t e d .  
b .  F a t i g u e  T e s t  
Approximately 1000 c y c l e s  of f l e x i b l e  s e a l  r o t a t i o n  a t  a 
chamber p r e s s u r e  of 30 p s i g  (20.7  x 104  N/rn2) was performed dur ing  this test. 
The duty  c y c l e  c o n s i s t e d  of 500 c y c l e s  of f 1 °  (.0175 r a d )  fo l lowed  by 500 c y c l e s  
o f  - +2' (.0349 rad)  d e f l e c t i o n .  During f a t i g u e  test  only  t h e  a c t u a t o r  stroke, l o a d ,  
and h y d r a u l i c  p r e s s u r e  were recorded  on t h e  os c i l l o g r a p h  t r a c e .  
c. P r e s s u r e  T e s t  
The t e s t  f i x t u r e  was r e c o n f i g u r e d  t o  t h e  proof  p r e s s u r e  t e s t  
p o s i t i o n  p r i o r  t o  t h e  i n i t i a t i o n  o f  t h i s  t e s t .  A t u r b i n e  o i l  was used a s  the 
p r e s s u r i z i n g  medium t o  minimize t h e  amount o f  s t o r e d  energy t o  b e  d i s s i p a t e d  i n  
t h e  e v e n t  of r u p t u r e .  I n  t h i s  t e s t ,  t h e  chamber p r e s s u r e  was i n c r e a s e d  from zero 
t o  1140 p s i g  (7.86 x 106 N/rn2), h e l d  f o r  2  minu tes ,  and t h e n  reduced to zero, 'Che 
maximum p r e s s u r e  i s  e q u i v a l e n t  t o  150% of t h e  MEOP e j e c t i o n  f o r c e  and chamber 
p r e s s u r e  f o r  t h e  260 i n .  (6.6 m) motor. During t h e  h o l d  p e r i o d ,  t h e  p r e s s u r e  gage 
was moni tored f o r  ev idence  of l eakage .  
C.  TEST RESULTS AND ANALYSIS 
1. Sea lMeasurements  
Height and l a te ra l  measurements o f  t h e  seal  a r e  t a b u l a t e d  i n  Tables 
XIX and XX. The d a t a  i n d i c a t e d  no  s i g n i f i c a n t  change occur red  i n  t h e  s e a l  dimensions 
even a f t e r  complet ion of d e s t r u c t i y e  tests. The v a r i a t i o n  i n  t h e  measurements 
x a s  g e n e r a l l y  less t h a n  0 . 0 1  i n .  C. 000254 m) . This  magnitude of v a r i a t i o n  is  
1109 e x p e c ~ e d  to have any e f f e c t  on the seal performance.  
P r e t e s t  and p o s t t e s t  measurements at t h e  i n s i d e  d i a m e t e r  o f  
the s e a l  are shown i n  Tab le  XXI.  The maximum d i f f e r e n c e  between the measure- 
ments was 0 , 0 3  i n .  (-00076 m) which is  ex t remely  s m a l l  i n  p r o p o r t i o n  t o  t h e  
diamerer o f  t n e  s e a l .  
No ev idence  of gas  l e a k a g e  through t h e  s e a l  was observed dur ing  
a11 phases of t e s t i n g .  In t h e  h i g h  p r e s s u r e  tests, no  p r e s s u r e  drop was n o t e d  
flcom visual o b s e r v a t i o n  of t h e  p r e s s u r e  gages d u r i n g  t h e  h o l d  p e r i o d .  Also ,  
he l ium leak d e t e c t i o n  a t  p r e s s u r e s  below 30 p s i g  (20.7 x  l o 4  N/m2) i n d i c a t e d  no 
i e  ak age, 
3. F u n c t i o n a l  T e s t  
a.  Proof  P r e s s u r e T e s t  
(1) A x i a l  D e f l e c t i o n  
Both seals were p roof  t e s t e d  a t  l o a d s  up t o  1 .15  t imes  
NECP fa50 g s i g  (5.85 x  106 ~ / r n ~ )  e x t e r n a l  p r e s s u r e  and 1 . 1 5  x  106 l b  (5 .11  x  106 N) 
ejection f o r c e ] .  Axial d e f l e c t i o n  of t h e  s e a l s  o b t a i n e d  from d i a l  gage measurements 
are irabckated i n  Table  XXII. The average d e f l e c t i o n  i s  p l o t t e d  v e r s u s  e j e c t i o n  l o a d  
i n  F igure  71. Comparison of s e a l s  S/N 0 1  and S/N 02 d a t a  i n d i c a t e d  a c l o s e  agree- 
nentiiza the  m'agnitude of d e f l e c t i o n  and t h e  h y s t e r e s i s  c h a r a c t e r i s t i c s .  D e f l e c t i o n s  
sf 0,140 and 0 , 1 4 8  i n .  (.00356 and .00376 m) occur red  a t  maximum e j e c t i o n  l o a d  
which is s u b s ~ t a n t i a l l y  lower  t h a n  t h e  p r e d i c t e d  d e f l e c t i o n  of 0.235 i n .  (.00597 m). 
Cornparis on of d e f l e c t i o n s  between i n c r e a s i n g  and d e c r e a s i n g  p r e s s u r e  c y c l e s  i n d i c a t e d  
rka t  t h e  h y s t e r e s i s  c h a r a c t e r i s t i c  i s  t h e  r e v e r s e  of t h a t  normal ly  expec ted .  Th is  
reverse h y s t e r e s i s  c h a r a c t e r i s t i c  a p p a r e n t l y  r e s u l t e d  from a  change i n  t h e  f r i c t i o n a l  
Eesce of  t h e  t e s t  f i x t u r e  O-ring s e a l s .  
(2) Shim Compressive S t r e s s  
From t h e  recorded  s t r a i n  gage d a t a ,  t h e  compressive 
hoop stress of  t h e  s teel  shim was c a l c u l a t e d  and i s  t a b u l a t e d  i n  Table  XXIII, A 
p l o t  of t h e  average stress v e r s u s  e j e c t i o n  l o a d  is  shown i n  F i g u r e  721. The v a l u e s  
o f  s t r e s s  were i d e n t i c a l  f o r  t h e  two s e a l s .  A l i n e a r  r e l a t i o n s h i p  of s t r e s s  v e r s u s  
e j e c t i o n  f o r c e  was o b t a i n e d ,  and a maximum compressive stress of 40,000 p s i  (2,76 x 
l o 8  ~ / m 2 )  occur red  at  1 .15 x  l o6  l b  (5 .11  x  106 N) e j e c t i o n  f o r c e .  Th is  magnitude 
w a s  s l i g h t l y  lower  t h a n  t h e  p r e d i c t e d  compressive s t r e s s  of 42,800 psi ( 2 . 9 5  x 
108 ~ 1 ~ 2 )  for  a one m i l l i o n  pound (4.45 x l o 6  N) e j e c t  i o n  f o r c e .  
b .  Vec tor ing  T e s t  
(1)  A x i a l  D e f l e c t i o n  
The a x i a l  d e f l e c t i o n  of t h e  s e a l s  i n  t h e  v e c t o r i n g  
c o n f i g u r a t i o n  was o b t a i n e d  as computer ou tpu t  d a t a  from t h e  s e a l  performance 
a n a l y s i s .  As shown i n  F igure  71, t h e  a x i a l  d e f l e c t i o n  was twice  t h a t  o b t a i n e d  
from proof  p r e s s u r e  t e s t  f o r  e q u i v a l e n t  e j e c t i o n  l o a d s .  Th is  f a c t  was subs tan-  
t i a t e d  by d i r e c t  d i a l  gage measurements i n  b o t h  test c o n f i g u r a t i o n s .  The d i f f e r e n c e  
i n  d e f l e c t i o n  was a p p a r e n t l y  due t o  a  lower  e x t e r n a l  p r e s s u r e  a c t i n g  on t h e  s e a l  i n  
t h e  v e c t o r  t e s t  c o n f i g u r a t i o n .  As d e p i c t e d  i n  F igure  17 ,  a  lower  e x t e r n a l  p r e s s u r e  
r e s u l t s  i n  a  h i g h e r  shim r o t a t i o n  and e f f e c t i v e l y  " f l a t e n s "  t h e  shim. Th is  e f f e c t  
r educes  t h e  e q u i v a l e n t  shim t h i c k n e s s  and d e c r e a s e s  t h e  d i s t a n c e  between t h e  end 
f l a n g e s  of t h e  seal.  From t h i s  s t a n d p o i n t ,  t h e  a x i a l  d e f l e c t i o n  of t h e  s e a l  
o b t a i n e d  from p r e s s u r e  tes t  i s  more r e a l i s t i c  and s h o u l d  be  used i n  nozzle d e s i g n ,  
(2) Shim Compressive S t r e s s  
The h i g h e r  shim r o t a t i o n  t h a t  o c c u r r e d  d u r i n g  v e c t o r i n g  
test  was confirmed by a h i g h e r  shim compressive s t r e s s  as compared w i t h  t he  proof  
p r e s s u r e  test  d a t a  f o r  t h e  same e j e c t i o n  l o a d .  Comparison of t h e  compressive 
s t r e s s e s  i n  F igure  7 2 i n d i c a t e s  t h a t  a 20% h i g h e r  s t r e s s  e x i s t e d  f o r  t h e  vector 
t e s t  c o n d i t i o n .  The d a t a  a l s o  showed a s l i g h t  d e v i a t i o n  from a l i n e a r  r e l a t i o n s h i p  
w i t h  e j e c t i o n  l o a d .  The stresses c a l c u l a t e d  from s t r a i n  gage d a t a  f o r  t h e  n u l l  
7osia iom of b o t h  s e a l s  are t a b u l a t e d  i n  Tab le  XXIV. Close agreement between t h e  
two sets of s t r e s s  v a l u e s  was ob ta ined .  
During a  - I-2" (.0349 r a d )  seal  d e f l e c t i o n  w i t h  1.15 
x i i l i o ~ ~  Ib (5,, 11 x 1 0 6 ~ )  e j e c t i o n  l o a d ,  approximately  25,500 p s i  (1.76 x 1 0 8  ~ / m 2 )  
hoap coinpressive s t r e s s  is  e i t h e r  added t o  o r  s u b t r a c t e d  from t h e  n e u t r a l  p o s i t i o n  
stress, This  v a l u e  of s t r e s s ,  which i s  due t o  seal r o t a t i o n  a l o n e ,  i s  s u b s t a n t i a l l y  
5izighz-l~ t h a n  t h e  8,000 p s i  (5 .52 x  107  N/m2) p r e d i c t e d .  As a  r e s u l t ,  t h e  t o t a l  
':ow s t  ress 1x1 t h e  shim w i t h  t h e  combined maximum v e c t o r i n g  and e j e c t i o n  l o a d s ,  
r:as a t  che l l r l i t  of t h e  a l l o w a b l e  m a t e r i a l  y i e l d  s t r e n g t h  of 70,000 p s i  (4.82 x 
LOB N J ~ )  However, w i t h  a h i g h e r  e x t e r n a l  p r e s s u r e  a c t i n g  on t h e  s e a l  i n  t h e  
ac tua l  motor c o n d i t i o n ,  t h e  m a x i m u m  shim s t r e s s  would b e  reduced t o  65,600 p s i  
;4* 32 x 238 b?/m2) f o r  t h e  115% MEOP l o a d s .  
The v a r i a t i o n  of compressive hoop s t r e s s  i n  t h e  s teel  
shim with t e s t  p r e s s u r e  i s  shown i n  F igure  73. Th is  hoop s t r e s s  r e s u l t e d  from 
the combined p r e s s u r e  and v e c t o r i n g  l o a d s  a t  2O (.0349 r a d )  seal  d e f l e c t i o n  ang le .  
Zhc stress Bevel at - $2" (4.0349 r a d )  d e f l e c t i o n  was approximately  8,000 p s i  (5.52 x 
107 ~ / r n 2 )  h i g h e r  than -2' (--0349 r a d )  d e f l e c t i o n .  The d i f f e r e n c e  r e s u l t e d  from 
the ac tua t ion  f o r c e .  I n  t h e  case  of a +2' (+.0349 r a d )  d e f l e c t i o n ,  t h e  a c t u a t i o n  
Ecarce i s  a d d i t i v e  t o  t h e  e j e c t i o n  l o a d  and causes  a h i g h e r  shim r o t a t i o n .  The 
r e v e r s e  i s  true of a -2' (-.0349 r a d )  d e f l e c t i o n .  Comparison of t h e  d a t a  between 
the t w o  s e a l s  i n d i c a t e d  t h a t  t h e  hoop stress was approximately  t h e  same and n o t  
significantly a f f e c t e d  by t h e  e l a s t o m e r i c  b o o t .  
(3)  A c t u a t i o n  Torque 
The v a r i a t i o n  of a c t u a t i o n  t o r q u e  w i t h  d e f l e c t i o n  
a g l e  2s show i n  F i g u r e s  74 and 75 f o r  s e a l s  S/N 0 1  and 02,  r e s p e c t i v e l y .  The 
actuation torque w a s  f o r  an e j e c t i o n  l o a d  of 1 . 1 5  x 106 l b  (5 .11 x 106 N). The 
v a r i a t i o n  was n e a r l y  l i n e a r  and t h e  h y s t e r s i s  c h a r a c t e r i s t i c  w a s  normal. The 
to rque  for - +2" (-0349 r a d )  d e f l e c t i o n  o f  seal S/N 02 was 4.98 x l o 6  i n . - l b  (5.62 x 
105 N-m), which i s  i n  good agreement w i t h  t h e  d e s i g n  t o r q u e  of 5 .0  x  l o 6  i n . - l b  
6 (5*65 x 105 N-m) f o r  a one m i l l i o n  l b  (4.45 x  1 0  N) e j e c t i o n  l o a d .  
The t o r q u e  f o r  a g i v e n  d e f l e c t i o n  a n g l e  w a s  n o t  a  
c o n s t a n t ,  b u t  v a r i e d  w i t h  e j e c t i o n  l o a d .  For + 2 O  (.0349 r a d )  d e f l e c t i o n ,  t h e  
- 
v a r i a t i o n  of t o r q u e  w i t h  e j e c t i o n  l o a d  is  p l o t t e d  i n  F i g u r e  76. Although 
g e n e r a l l y  t h e  v a r i a t i o n  is  similar, i n d i c a t i n g  t h e  t o r q u e  i s  maximized and then  
decreased  w i t h  f u r t h e r  i n c r e a s e  i n  e j e c t i o n  l o a d ,  t h e  magnitude of t o r q u e  was 
s l i g h t l y  d i f f e r e n t  f o r  t h e  p l u s  and minus d i r e c t i o n s  of a c t u a t i o n ,  as w e l l  as 
f o r  t h e  two p l a n e s  of a c t u a t i o n .  The v a r i a t i o n  i n  t o r q u e  f o r  a  given e j e c t i o n  
l o a d  was approximately  10% f o r  s e a l  S/N 02 and 4% f o r  s e a l  SIN 01. The dif- 
f e r e n c e  was a t t r i b u t e d  t o  t h e  n u l l  ang le  t h a t  e x i s t e d  i n  t h e  s e a l s .  As expec ted ,  
t h e  a c t u a t i o n  t o r q u e  f o r  s e a l  S/N 0 1  was h i g h e r  than  f o r  S/N 02 a t  t h e  same 
e j e c t i o n  l o a d  because  of t h e  added s t i f f n e s s  of t h e  e l a s t o m e r i c  b o o t ,  Using 
an average t o r q u e  f o r  comparison,  t h e  i n c r e a s e  i n  t o r q u e  r e s u l t i n g  from t h e  b o o t  
was 11 t o  15%. 
(4)  P i v o t  Locat ion 
Movement of t h e  s e a l  p i v o t  p o i n t  dur ing  v e c t o r i n g  
was ob ta ined .  F igure  77 shows t h e  t y p i c a l  p i v o t  p o i n t  e x c u r s i o n  f o r  -62" (,0349 
- 6 
rad) d e f l e c t i o n  a t  z e r o ,  0 . 6 ,  and 1.15 m i l l i o n  l b  ( 0 ,  2167, and 5 . 1 1  x 1 0  N )  
e j e c t i o n  load .  Although a c l e a r  t r e n d  i n  movement o f  t h e  p i v o t  p o i n t  a s  a function 
of  d e f l e c t i o n  a n g l e  can n o t  be  e s t a b l i s h e d ,  t h e  grouping o f  t h e  p o i n t s  occur red  
w i t h i n  a  r e l a t i v e l y  s m a l l  a r e a ,  e s p e c i a l l y  f o r  h i g h e r  e j e c t i o n  l o a d s .  It i s  
recognized  t h a t  t h e  method of p i v o t  p o i n t  c a l c u l a t i o n  i s  h i g h l y  s e n s i t i v e  t o  any 
s m a l l  change i n  s e a l  c o n f i g u r a t i o n  a s  r e f l e c t e d  by t h e  measured i n p u t  d a t a ,  
Using an average v a l u e  f o r  comparison,  t h e  p ivoe  p o i n t  
l o c a t i o n  was observed t o  p r o g r e s s  away from t h e  s e a l  a f t  f a c e  w i t h  i n c r e a s e d  
e j e c t i o n  l o a d s  a s  shown i n  F igure  78. Th is  f a c t  i s  c o n s i s t e n t  w i t h  t h e  expec ted  
i n c r e a s e  i n  s teel  shim r o t a t i o n  w i t h  e j e c t i o n  l o a d .  The p i v o t  p o i n t  d i s t a n c e  
changed from 52.0 t o  58.4  i n .  (1.32 t o  1 . 4 8  m) when t h e  e j e c t i o n  l o a d  i n c r e a s e d  
from z e r o  t o  1 . 1 5  m i l l i o n  l b  (5 .11  x  106 N) . The t h e o r e t i c a l  p i v o t  p o i n t  location 
of t h e  seal  i s  a t  53.4  i n .  (1.35 m). Comparison of t h e  d a t a  f o r  t h e  two s e a l s  
i n d i c a t e d  t h a t  t h e  v a r i a t i o n  was more l i n e a r  f o r  s e a l  SIN 0 1  t h a n  f o r  S/N 0 2 ,  
4 ,  Dest ruc t ive  Test  
P r i o r  t o  i n i t i a t i o n  of t h e  d e s t r u c t i v e  t e s t s ,  v i s u a l  i n spec t ion  
04 the seal revea led  t h a t  t he  i n s i d e  edge of some of t h e  rubber  pads were l o c a l l y  
3mbsnded f rom t h e  s t e e l  shims. The unbonded a reas  were gene ra l ly  i n  l i n e  wi th  the  
ac tua t ion  planes where maximum s h e a r  s t r e s s e s  occurred. Maximum a reas  of unbonded- 
ness occurred a t  t he  forward rubber  pad-to-shim bond. The s e p a r a t i o n  depth of 
this b o n d l i n e  was 0.10 t o  0.25 i n .  (.0025 t o  .0064 m) wi th  some l o c a l  a r eas  extending 
t o  0.50 i n ,  ( -0127 m) as shown i n  Figure 79. Subsequent d e s t r u c t i v e  t e s t s  d id  n o t  
significantly i nc rease  t h e  unbonded depths and leakage o r  p re s su re  drop was n o t  
detected. 
a.  Vectoring Tes t  
I n  t h e  vec tor ing  t e s t ,  a  maximum d e f l e c t i o n  angle of 3.3" 
(-0575 rad) was i n d i c a t e d  from t h e  t e s t  da ta .  The d e f l e c t i o n  angle was l i m i t e d  
t o  this value by t h e  i n t e r f e r e n c e  of t h e  s e a l  wi th  the  w a l l  of the  t e s t  f i x t u r e .  
P r i o r  t o  this t e s t  cyc le ,  t h e  s e a l  was d e f l e c t e d  t o  - +3.0° (.0524 rad)  wi th  0 .3  
=d 0,9 million Ib  (1.335 and 4.0 x  106 N) e j e c t i o n  load.  
The t e s t  d a t a  f o r  both vec tor ing  cyc les  wi th  0.9 m i l l i o n  
lb ( 4 . 0  x 10' N) a r e  shown i n  Figure 80. The v a r i a t i o n  of ac tua t ion  torque wi th  
deflection angle was genera l ly  l i n e a r  up t o  - +2" (.0349 rad)  d e f l e c t i o n .  Beyond 
c h i s  point, t he  i nc reas ing  torque wi th  d e f l e c t i o n  angle was apparent .  A t  the  
de f f ec t ion  angle of 3.3' (.0575 r a d ) ,  the  ac tua t ion  torque was approximately 
10 m i l l i o n  in . - lb  (1.13 x  106 N-m). One s e t  of d a t a  i n d i c a t e d  a  torque sub- 
stantially h ighe r  than  t h i s  va lue ,  which apparent ly r e s u l t e d  from a  s h i f t  i n  t h e  
2ivot point l o c a t i o n  when the  s e a l  contacted t h e  w a l l  of t h e  f i x t u r e .  
b ,  Fat igue Test  
The s e a l  was t e s t e d  a t  455 cyc les  of - +I0 (.0175 rad)  and 500 cyc les  
of - 4-2" 9,3349 rad)  . The number of cycles  a t  - +lo (. 0175 r ad )  was reduced from the  
p l a n n e d  5630 cycles  because of a  malfunct ion of t h e  cyc le  counter  on the  Data Trak 
programmer. The a c t u a t i o n  l o a d  and s t r o k e  were recorded  d u r i n g  t e s t  a n d  a r e  
summarized i n  Tab le  XXY.  Although some s l i g h t  d i f f e r e n c e s  i n  t h e s e  v a l u e s  o c c u r r e d ,  
t h e  magnitude of t h e  d i f f e r e n c e  i s  l e s s  t h a n  5 %  and is  w i t h i n  t h e  measurement 
accuracy o b t a i n a b l e  from t h e  os c i l l o g r a p h  t r a c e .  
c .  P r e s s u r e  Tes t  
A x i a l  d e f l e c t i o n  o f  t h e  s e a l  was o b t a i n e d  from dial gage 
measurements a t  f o u r  l o c a t i o n s  90' (1.57 r a d ) .  The average d e f l e c t i o n  i s  p l o t t e d  
v e r s u s  e j e c t i o n  l o a d  i n  F igure  81. A maximum d e f l e c t i o n  o f  0.217 i n .  (.00551 m) 
was o b t a i n e d  a t  1 . 5  m i l l i o n  l b  (6.67 x  106 N) e j e c t i o n  l o a d .  Comparison ~f this 
d a t a  w i t h  t h e  f u n c t i o n a l  test r e s u l t s  i n d i c a t e d  some d i f f e r e n c e .  A t  t h e  e j e c t i o n  
l o a d  of 1 .15 m i l l i o n  l b  (5 .11 x  l o 6  N), t h e  a x i a l  d e f l e c t i o n  of 0 .18  i n .  (-08457 rn) 
from t h i s  t e s t  was h i g h e r  t h a n  t h e  0 .14 i n .  (.00356 m) o b t a i n e d  from f u n c t i o n a l  
proof  p r e s s u r e  t e s t  ( s e e  F igure  71) f o r  t h e  same s e a l .  The h y s t e r s i s  c h a r a c t e r i s -  
t i c  was as normal ly  expec ted ,  b u t  was t h e  r e v e r s e  of t h a t  i n d i c a t e d  from the 
f u n c t i o n a l  test r e s u l t s .  Although no conc lus ion  can be  made on t h e  cause  of t h e s e  
d i f f e r e n c e s ,  t h e  e f f e c t  on s e a l  performance i s  n o t  expec ted  t o  b e  s i g n i f i c a n t ,  
The compressive hoop s t r e s s  of t h e  s t ee l  shim was c a l c u l a t e d  
from t h e  s t r a i n  gage d a t a .  A maximum s t r e s s  of 53,100 p s i  (3.67 x 108 ~ / m 2 )  e x i s t e d  
under  t h e  combined l o a d s  of 1 . 5  m i l l i o n  l b  (6.67 x  l o 6  N) e j e c t i o n  l o a d  a d  1120 
p s i g  (7.72 x l o 6  ~ / m 2 )  t e s t  p r e s s u r e .  Th i s  is  i n  c l o s e  agreement w i t h  a s t r e s s  
l e v e l  o f  52,100 p s i  (3.60 x 1 0 8  ~ / m ~ )  o b t a i n e d  by p r o p o r t i o n i n g  t h e  r e s u l t s  from 
t h e  f u n c t i o n a l  test t o  t h e  same p r e s s u r e  of t h i s  test.  
A f t e r  complet ion of t h e  d e s t r u c t i v e  test  s e r i e s ,  s e a l  S/N 
0 1  was disassembled from t h e  t e s t  f i x t u r e .  V i s u a l  i n s p e c t i o n  r e v e a l e d  no p h y s i c a l  
damage t o  t h e  e l a s t o m e r i c  b o o t .  The ends  of t h e  b o o t  remained s e c u r e l y  bonded t o  
t h e  s e a l .  
V I I  . CONCLUSIONS AND RECOMMENDATIONS 
A. CONCLUSIONS 
Major conc lus ions  d e r i v e d  from t h i s  program a r e  : 
1. An o m n i d i r e c t i o n a l  f l e x i b l e  s e a l  h a s  been demonstra ted t o  meet 
the program o b j e c t i v e .  The s e a l  performance c h a r a c t e r i s t i c s  were  s a t i s f a c t o r y  
for t h e  i n t e n d e d  a p p l i c a t i o n .  
2 .  E x i s t i n g  a n a l y t i c a l  t echn iques  can be  a p p l i e d  t o  t h e  f l e x i b l e  
s e a l  design t o  p r e d i c t  i t s  performance w i t h  a c c e p t a b l e  accuracy .  
3 .  A s e a l  d e s i g n  w i t h  c o n i c a l  m e t a l  shims of uniform c o n f i g u r a t i o n  
can be designed t o  meet r o t a t i o n a l  a n g l e  requ i rements  i n  e x c e s s  of 23". 
4 ,  Large f l e x i b l e  s e a l s  can be  s u c c e s s f u l l y  manufactured by 
sequential assembly u s i n g  ambient c u r e ,  secondary bonding t e c h n i q u e s .  
The fo l lowing  recommendations are made: 
1, F u r t h e r  develop t h e  a n a l y t i c a l  t echn ique  t o  p r o v i d e  a  more 
accurate method f o r  t h e  p r e d i c t i o n  of e l a s t i c  s t a b i l i t y  and compress ive  s t r e s s  
i n  the metal shim. 
2 .  Conduct t h r u s t  v e c t o r  c o n t r o l  sys tem t e s t  t o  i n v e s t i g a t e  t h e  
interplay between f l e x i b l e  seals and f l i g h t  conf igured  a c t u a t i o n  system.  
3 .  I n c o r p o r a t e  t h e  s e a l  i n t o  a  260-in.-dia motor s t a t i c  f i r i n g  
test zo confirm t h e  s e a l  performance c h a r a c t e r i s t i c s .  
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Area R a t i o  
2 .OO (En t rance)  
1.50 (Ent rance)  
1.06 (Ent rance)  
1.00 (Throat)  
1.10 ( E x i t )  
2.00 ( E x i t )  
TABLE I. - NOZZLE THERMAL GRADIENT SUMMARY 
2 Depth Below O r i g i n a l  S u r f a c e  a t  Motor Burnout ,  in, (m x 10 ) 
I so therm 
Eros ion  Char 100°F-(311°K) 
TABLE 11. - COMPARISON OF PRELIMINARY FLEXSEAL ANALYSIS RESULTS 
Parameter 
- 
Maximum compicessive stress, p s i  
2 
m x 1 0 3  
Kliowabasle cr i t : ica l  buckling s t r e s s ,  
psi ( ~ j r n '  x 
-6 Seal r o t a t i o n  torque,  in.-lb x 10 
(N-m x 
Marrimurn elas:omr shea r  s t r e s s ,  p s i  
( ~ 1 , ~  
Maxjmum elastomer t e n s i l e  s t r e s s ,  
psi ( ~ / m ~  x 
Fwd Pivot  A f t  P ivo t  
48,000 (331) 48,000 (331) 
TABLE 111. - FLEXIBLE SEAL WEIGHT COMPARISON 
Component Weight, l b  (Kg) 
Nozzle S h e l l  
Nozzle Closure  
Backup I n s e r t  
C losure  I n s e r t  
Closure  I n s u l a t i o n  
F l e x s e a l  Assembly 
Fwd Flange 
Aft  Flange 
Laminate 
Boot 































+ 30 (4-14) 
0 
- 15 ( - 7 )  
The fwd p i v o t  s e a l  des ign  i s  565 l b  (256 kg) less t h a n  
t h e  a f t  p i v o t  seal des ign .  
TABLE IV. - FLEXIBLE SEAL TVC SYSTEM COMPARISON 
Torque,  in,/% x 10 -6 (N-m x low6) 
Seal Rotation 
In te rna l  Aerodynamic 
Jec Damping (1) 
Axial Accelerat ion 
Inertia 
Total Torque 
Design Torque (2) 
men t 
Moment A r m ,  i n .  (m) 
- 3 Actuatiom Force, l b  (N x 10 ) 

















$1) Jet damp.hg torque  is  assumed equa l  t o  zero  a t  maximum 
torque requirement 
(3) Design torque inc ludes  1.25 s a f e t y  f a c t o r  
TABLE V .  - DEFLECTION OF FLEXIBLE SEAL AND NOZZLE SHELL J O I N T  
Radia l  Displacement Axial  Displacement 
Nodal Po in t  i nch  (m x  l o 3 )  inch  ( r n x 1 o 3 )  
184 -.005091 (7 129) -. 00248 (7 06 3) 
TABLE V I .  - SUMMARY OF MAXIMUM STRESS I N  FLEXIBLE SEAL 
S t r e s s  Leve l  Allowable S t r e n g t h  F a c t o r  1,oadin.g Type of S t r e s s  of 
Condition and Loca t ion  p s i  ( ~ / m ~  x p s i  (?J/Z x S a f e t y  
I Shear  s t r e s s  a t  i n s i d e  104 c.717) 403 (2.78) 3.88 
edge. of P5 pad 
I Compressive hoop stress 42,800 (295) 70,000 (482) 1 .63 
a t  i n s i d e  edge of S2 
shim 
2 Shear  stress a t  o u t s i d e  5 3  (.366) 403 (2.78) 7.59 
edge  of P5 pad 
2 Tension s t r e s s  n e a r  ou t -  149 (1.028) 500 (3.45) 3.36 
side edge of P5 pad 
2 Cotnpressive hoop s t r e s s  at  3,900 (26.9) 70,000 (482) H i  gh 
edge of S2 shim 
3 Shear  stress n e a r  i n s i d e  (. 710) 403 (2.78) 3 .91  
edge of P5 pad (-675) 4 .11 
-2 Compressive hoop stress 46,900(2) (1) (323) 70,000 (482) 1 - 4 9  
a t  i n s i d e  edge of S3 sh im 29,300 (202) 2.39 
24-3 Shear  stress n e a r  i n s i d e  147 (1.012) 403 (2.78) 2.74 
e d g e  o f  P5 pad 
2 C 3  Compressive hoop stress 5 0 , 8 0 0 ( ~ )  (350) 70,000 (482) 1 .38 
a t  i n s i d e  edge of shim 
(1) 2" c lockwise  r o t a t i o n .  























































































































































































































































TABLE V I I I .  - AGING AND HUMIDITY TEST SCHEDULE 
Aging Humidity Exposure 
(8O0F/3OQ0K, U n c o n t r o l l e d  R.B. ) (95% R.H. 110°F/3170K) 
1 Mo, 3 Mo. 6 Mo. 9 Mo. 
---- 
1 M o .  3Mo. 6Mo.  9 Mo. 
-- 
Shear Tests 1 x x x x x 
2 X X X X 
Tens i le  
Tes ts  
*The exposed rubber  edges  of t h e s e  specimens  were 
treated to e v a l u a t e  r e t a r d a t i o n  of t h e  ag ing  p r o c e s s .  
a a 
N M 
m o  o m  mco 
" h l  VSco V 3 N  
016 016 
m .rl m .rl 
a c d  a ) c d  
k k  k k  
U U  U U  







";- h l w  
. . 




m m  cow 
. . 
hlcn "co b u  hlrl 
V 4 
TABLE X .  - EVALUATION OF SURFACE EFFECTS ON ADHESIVE BOND STRENGTH 
Specimen Descr ip t ion  
B - B a r e s t e e l  
U - Primed wi th  FM-47 
P - Bare s t e e l  i n  con tac t  wi th  p e e l  coat  f o r  1 day 
K - Primed s t e e l  i n  contac t  wi th  p e e l  coa t  f o r  1 day 
PA - Bare s t e e l  i n  contac t  wi th  p e e l  coat  f o r  7 days 
XB - Primed s t e e l  i n  contac t  w i th  p e e l  coa t  f o r  7 days 
BT - Bare s t e e l  i n  contac t  wi th  t e f l o n  tape f o r  1 day 
Avg. Shear S t r e s s ,  
p s i ,  ( ~ / r n ~  x loe6)  
1820 (12.55) 
TABLE X I .  - LAP SHEAR SPECIMEN TEST RESULTS 
FROM PROCESS DEMONSTRATION RING 
S h e a r  S t r e s s  a t  U l t i m a t e  
300% S t r a i n ,  S h e a r  S t r e s s ,  
2 U l t i m a t e  Shear S p e c i m e n  p s i  (N/m x p s i  ( ~ / m ~  x lov6)  S t r a F n ,  % 
(1) A d h e s i v e  f a i l u r e  a t  i n t e r f a c e  p l a n e  b e t w e e n  the 
b a r e  s t e e l  a n d  the FM-47 p r i m e r .  
R u b b e r  S k i v e  Joint 
TABLE X I I .  - COMPRESSION DEFLECTION TEST PROCEDURE 
TABLE XI1 
i a EQUIPMENT 
a, Lnstron Model TTC o r  equiva len t .  
b e  1.0,000 l b  capac i ty  l oad  c e l l .  
c. 2: - 6 x 6 x 1 / 4  CRS p l a t e s  abraded on one s i d e  wi th  aluminum oxide. 
PR0GE:DURE 
a ,  Ca l ib ra t e  equipment according t o  manufacturers i n s t r u c t i o n s .  
% ,  S e t  c ross  head a t  0.20 in . /min and cha r t  a t  10. in . /min.  
c. Gauge s l a b  i n  f i v e  p l aces  (4 c o m e r s  p lus  cen te r )  and record.  
d, Center 4 x 4 x .3-in. s l a b  between the  abraded su r f aces  of t h e  
s t e e l  p l a t e s .  
e, Center assembly on load  c e l l  and balance.  
f, Zre f l ex  two times t o  25% compression (approximately .075 i n . )  
Load and unload a t  0.2 in . /min.  
g ,  Preload assembly t o  0.5% of l oad  a t  25% compression (32-36 l b  
range) - balance t o  zero .  
h, Record t h i r d  f l e x  and p l o t  l oad  a t  ,010, .020, .050, and ,075 i n .  
TABLE X I I I .  - TENSILE PROPERTIES OF GEN-GARD V-45 RUBBER 
T @ ~ s i l e  S t r e n g t h ,  Elangation 
2 p s i  (N/m x 1 0 m 6 )  at B r e a k ,  % 
A. SPECIMENS WITHOUT SPLICE JOINT 
1 2200 (15.2) 7 75 
B.  SPECIMENS WITH SPICE JOINT 
1 1340 (9.25) 5 75 
2 1 2  75 (8.80) 500 
3 1325 (9.14) 500 
n n n n n n n n n n  
m \ D m o m O o N m C O  \ 0 m c n m m o e ' \ 0 \ 0 ~  
. . . . . . . . . .  



















n n n n n n n  
+ - S I . Q C O ~ S C O Q ~ ~ ~ ~  * .  















R a n g e  
S e a l  S/N 01, inch (m) 
X Y 
TABLE X V I .  - TEST FIXTURE WELD STRESS 
-203 Weld. Stress, p s i  ( ~ / m 2  x 10-6) 
Pressure Vector  
Condition Condi t ion  
7920 (54-5) 7510 (51.8) 
A314 ( 2 1 3 ~ 8 )  3691 (25.4)  
3197 (22 .0 )  1998 (13.8) 
2043 (14 ,1 )  1060 (7.31) 
1545 (10.6) 1036 (7.15) 
1603 (6 .91)  747 (5.15) 
270 (1,86) 208 (1 .43)  
118 (.. 81) 8 1  ( .56)  
-204 ro -205 Weld S t r e s s ,  p s i  ( ~ / m ~  x 
- 
Element Press ure Vector  
-- 
No, - Condition - Condi t ion  
73 20,282 9140) 15,450 (106.5) 
97 11,144 (ar5.9) 8093 (55.7) 
11-5 4,887 (33 .6 )  3895 (26.9) 
133 900 (6.20) I289 (8.89) 
15 1 -471 (-3.25) 189 (1.30) 
HQ 3 -880 I-6,06) -116 (-. 80) 
- 
Pressure Condition - 850 p s i  (5.85 x 106 ~ / m 2 )  
2 
-203 t o  -204 Weld S t r e s s .  ~ s i  (Nlm x 





1 7 8  
179 
180 
1 8 1  
Condi t ion  
-0.6 






-205 t o  -206 Weld S t r e s s ,  
Element P r e s s u r e  
No. Condi t ion  
6 0 . 3  
1 4  7 . 3  (.05) 
2 2 1 6 . 8  ( .12) 
30 33.5 (.23) 
38 76.9 ( .53) 
Condi t ion  
46 ( .32) 
200 (1.38) 
867 (5.98) 
1857 (12.8)  
2908 (20.0) 
3479 (24.0)  
4564 (31.5) 
2 psi  (N/m x l o e 6 )  
Vec to r  
Condi t ion  






Vector C o n d i t i o n  - 115 p s i  (7.93 x l o 5  N/m ) 
C rl C  M a d  \ M .rl O M O M  
0 0 .rl 0 -4 0 .rl 
o m  u Z I hta + I  o m  o m  m a  m a  
O M O M  
0 .rl 0 .rl 
o m  o m  
m a m a  
4 hi 2 3 
k .d 






S g g  
3 2 c d  k 
M M M  
C O O  
rl rl 
" 3 l - i l - i  
*rl -4 
o u u  
m 2 0 8  
m  
'+I4 










TABLE X V I I I .  - SEAL VECTORING TEST SEQUENCE 
8"-180" P l a n e  
a ,  
90"-270" Plane 
Cycle A, + 2" a t  2.2 p s i g  
(T .0349 r a d  @ 15 .18  x 1 0 3  N/m2) 
- 
Cycle A, + 2' @ 30 p s i g  (T .0349 r a d  @ 207 x 1 0 3  N/m2) 
- 
Cycle A, + 2" @ 5 8  p s i g  
(+ - .0349 r a d  @ 400 x 103 N/m2) 
Cycle A, + 2" @ 87 p s i g  
(T  .0349 r a d  @ 600 x 1 0 3  N/m2) 
- 
Cycle A, + 2' @ 111 p s i g  
(T - .0349 r a d  @ 765 x 1 0 3  N/m2) 
Cycle B ,  + 1 "  and + 2" @ 40 p s i g  
(7 - .01745 a n d  + .0349 r a d  @ 276 x 103 N/m2) 
- 
Cycle A, + 2' @ 2.2  p s i g  
(T - .0349 r a d  @ 1 5 . 8  x 1 0 3  N/m2) 
Cycle B ,  + 1 "  and + 2' @ 2.2  p s i g  
(7 - .01745 a n d  - + .0349 r a d  @ 15 .18  x 103 N/m2) 
Cycle A, + 2" @ 2 .2  p s i g  
(+ ,0349 r a d  @ 15 .18  x l o 3  N/m2) 
- 
Cycle A, + 2' @ 5 8  p s i g  (+ - .0349 r a d  @ 400 x l o 3  N/m2) 
Cycle A, + 2' @ 111 p s i g  (T - ,0349 r a d  @ 765 x 1 0 3  N/m2) 
Cycle B,  + 1' and + 2" @ 40 p s i g  
(+.01745 - &d - + .0349 r a d  @ 276 x l o 3  iV/m2) 
Cycle A, + 2' @ 2.2 p s i g  
(T  - .0349 r a d  @ 15 .18  x l o 3  N/m2) 
Cycle B ,  + 1' and + 2" @ 2.2  p s i g  



















































































































































































































































































































































































































































































































TABLE XX. - FLEXIBLE SEAL LATERAL MEASUREMENTS Page 1 of 2 
FLEXIBLE SEAL LATERAL MEASUREMENTS 
"- 
SEAL SIN 01 A B C D E 
Bef~re Proof & Leak Test 0" 29.430 29.429 29.425 29.414 29.441 
90" 29.707 29.693 29.691 29.659 29.678 
180" 29.556 29.532 29.519 29.543 29.527 
270" 29.077 29.102 29.081 29.081 29.005 
After Proof & Leak Test 0" 29.415 29.432 29.426 29.413 29.436 
90" 29.697 29.687 29.685 29.655 29.677 
180" 29.558 29.533 29.520 29.546 29.525 
270" 29.075 29.103 29.082 29.082 29.003 
&fore Vector Test (90"- 0"  29.412 29.431 29.426 29.415 29.436 
230") 90" 29.716 29.705 29.696 29.656 29.669 
180" 29.555 29.532 29.520 29.543 29.518 
270" 29.059 29.088 29.070 29.077 29.002 
Af ter  Vector Test (90"- 0" 29.412 29.430 29.426 29.415 29.436 
2 7 0 " )  90" 29.715 29.705 29.698 29.657 29.669 
180" 29.556 29.532 29.519 29.542 29.519 
270" 29.059 29.088 29.070 29.077 29.004 
After Vector Test (0"- 0" 29.402 29.423 29.422 29.415 29.437 
lSOO) 90" 29.706 29.696 29.691 29.656 29.670 
180" 29.569 29.545 29.530 29.549 29.520 
270" 29.075 29.099 29.079 29.084 29.007 
Lifter Fatigue Test 0" 29.404 29.421 29.419 29.413 29.436 
90" 29.705 29.695 29.690 29.654 29.668 
180" 29.570 29.546 29.531 29.549 29.521 
270" 29.070 29.098 29.075 29.081 29.005 
After - 4-3.5' Vector Test 0" 29.410 29.421 29.420 29.415 29.438 
90" 29.707 29.696 29.691 29.655 29.669 
180" 29.571 29.546 29.531 29.549 29.523 
270" 29.077 29.098 29.079 29.081 29.006 
Before 1140 p s i g  Pressure 0" 29.408 29.423 29.421 29.415 29.438 
Tes "c 90" 29.696 29.691 29.687 29.654 29.669 
180" 29.562 29.544 99.530 29.548 29.522 
270" 29.071 29.100 29.080 29.082 29.006 
After 1148 p s i g  Pressure 0" 29.405 29.424 29.423 29,417 29.440 
Yes t 90" 29.698 29.696 29.693 29.656 29.670 
180" 29.559 29.545 29.532 29.552 29.523 
270" 29.069 29.100 29.081 29.085 29.008 
T a b l e  XX . - FLEXIBLE SEAL LATERAL MEASUREMENTS ( c o n t  . ) Page 2 of 2 
SEAL S/N 02 A B C D E 
B e f o r e  P r o o f  & Leak T e s t  0"  29.446 29 .431  29 .424 29 .423 29 ,459 
90"  29.685 29 .667 29.6G4 29 .668  29 ,672  
180" 29 .518 29.562 29.554 29 .540 29 ,536  
270" 29 .081  29.075 29.070 29 .053  29.006 
A f t e r  P r o o f  & Leak T e s t  0"  29 .448 29.434 29 .427 29 .423  29 ,455  
90" 29 .684 29.670 29.665 29.669 29 ,672  
180" 29.517 29 .541  29.557 29.548 29 ,534  
270" 29.079 29.074 29.070 29.055 29 ,007  
A f t e r  V e c t o r  T e s t  (0"- 0" 29.435 29.419 29.412 29 .413 29 .437 
180 " ) 90" 29.692 29.712 29.730 29.702 2 9 , 6 9 7  
180" 29 .547 29.579 29 .565 29.545 2 9 , 5 3 1  
270" 29.100 29 .074 29.069 29.057 2 9 , 0 1 3  
A f t e r  V e c t o r  T e s t  (90"- 0" 29.446 29.435 29.425 29.416 29 .437 
270")  90" 29.709 29.685 29.672 29.672 2 9 , 6 7 1  
180"  29 .513 29.559 29.552 29.539 29 ,530  
270" 29.044 29 .058 29 .058 29.052 2 9 , 0 1 1  
A l l  d imens ions  i n  i n c h e s ;  S I  u n i t s  o m i t t e d  f o r  c l a r i t y .  
TABLE XXI. - MEASUREMENTS OF SEAL INSIDE DIAMETERS 
F l e x i b l e  Seal S/N 0 1  
L- 
I 
I h i 108.000 I 
All d i m e n ~ i ~ o n s  in inches, SI u n i t s  omitted for c l a r i t y .  
TABLE X X I I .  - SEAL AXIAL DEFLECTION - PROOF PRESSURE TEST 
A l l  d i m e n s i o n s  i n  inches,  S I  u n i t s  o m i t t e d  f o r  c l a r i t y .  
, . A -  
m a w  
ri Y; m' 
m 
.4 z 2 
- - A  
~ m u l  
0 u 
. . m  
N r l .  
w V - 
TABLE XXIV. - SHIM COMPRESSIVE STRESS, VECTOR TEST (NULL POSITION) 
T e s t  P r e s s u r e  E j e c t i o n  L o a d  
lb x 10-3 
p s i g  ( ~ / r n ~  x 10-3)(N x 10-6 )  
S e a l  S/N 0 1  
0 "  90" 
S e a l  S/N 02 
0 "  90" 
2 - 6 S t r e s s  v a l u e s  i n  k s i  (N/m x 1 0  ) 
TABLE XXV. - FATIGUE TEST LOAD - DEFLECTION CHARACTERISTICS 
Counterclockwise Def l ec t ion  Clockwise Def lec t ion  
Load, l b  Def l ec t ion ,  i n .  Load, l b  Def l ec t ion ,  i n .  
























Reading Acr-uracy (2) 6  10 0.029 601 0.030 
(1) Cycles 326 through 500 were performed t h e  fol lowing day. 
(2) The s sc i l l og raph  t r a c e s  were measured t o  t he  n e a r e s t  0 .01  inch.  A 
v a r i a t i o n  of d a t a  corresponding t o  0.01 inch  i s  as  shown 
ST units omitted f o r  c l a r i t y .  
1.50 (2 .62)  1 .60  (2 .75)  1 .70  (2 .97 )  1.80 (3.14) 1 - 9 0  (3.31) 2.00 ( 3 . 4 9 1  2 . 1  
D e f l e c t i o n  Angle ,  d e g r e e s  ( r a d  x 102) 









54*0 in, (1.37 m) 
Radi  ys 
Fixed Boundary 
Shim (S )  Thk. = 0.7 in. (.0178 m) 
Pad (P) Thk. = 0.3 in. (.0076 m) 
Figure 8. - Flexible Seal Analytical Model 
Figure 9. - Maximum Shear Stress in Pad P5 for 
Load Condition (1) 




54.0 i n .  
(1.37 m) 
Values i n  k s i  
( ~ / m 2  x 10-7) 
58.0 i n .  (1 .47  m) 
Radius 
F i g u r e  LO,  - Maximum Hoop S t r e s s  i n  Shim 52 f o r  Load Condi t ion (1) 
54-0 tn. (1.371~) 
Radius 
Fwd d-
Values in psi 
R a d i u s  
Figure 11.- Maximum Tension and. Shear Stress in Pad P5 
for Load Condition (2) 
54.0 in. (1.37m) 
Radius 
Values in Ksi 
Fi.gu:re 12, - Maximum Hoop Stress in Shin S2 for 
Load Condition (2) 
Fwd - 
Values in psi 
Figure 13.- Maximum Shear Stress in Pad. P5 for Load Condition (3) 
and Clockwise Rotation 
F i g w e  14.- Maximum Shear Stress in Pad P5 for Load Condition ( 3 )  
and Counterclockwise Rotation 
54,~ in,(l.37m) 
R a d i u s  
Value i n  Ksi 
Figure  15.- Maximum Hoop S t ress  i n  Shim S3 f o r  Load Condition (3 )  





58.0 in. (1.47m) 
Figure 16. - Maximum Hoop Stress in Shim 53 for Load Condition (3) 
and Counterclockwise Rotation. 





Gasket S e a l  
Stand P ipe  
A i r  Cylinder 
Trunnion 
Vacuum Chamber 
F l e x i b l e  S e a l  
Gasket 
61.5 i n .  I
S e a l  
Figure 22.  - F l e x i b l e  S e a l  Assembly F i x t u r e  

Stee l  
P l a t e  




Dimensions i n  inches (m) 




( a )  start of in te rna l  f a i l u re  
(b) in te rna l  fa i lu re  a t  ultimate s t r a i n  
Figure 28.  - Internal F a i l u r e  of  Rubber i n  Tension 
i-- ( . lo16 4.00 i n .  m) -4 
Figure  29. - Quadruple Lap Shear Specimen ( 4  x 4 P a d l  
(, 0254 




F i g u r e  33 
Ca) Specimens w i t h o u t  (b) Chlorobu ty l  Rubber 
C h l o r i n a t i o n  Treatment Covered Specimens 
( c )  Specimens w i t h  (d)  Chlorobu ty l  Rubber 
C h l o r i n a t i o n  Treatment Wrapped Specimens 
( e )  Specimens w i t h  ( f )  Specimens w i t h  
3 Coats  of Hypalon 6 Coats  of Hypalon 
F i g u r e  34. - A c c e l e r a t e d  Aging and Ozone Exposure T e s t  
.375 i n .  (.0095 m) 
t h i c k  s teel  primed 
w i t h  FM-47 --- 
( .228 m) 
.30 i n .  (.0076 m) 












S t e e l  Shim 
Rubber Pad 
F i g u r e  39 .  - P r o c e s s  Demonstra t ion Bonding Se tup  
/"- Process Demonstration Ring Cross-Section \ 
Dimensions in inches (m) 

























*- -- Lot 2 1  
0 Cure a t  280°F (411°K) 
I A l l  v a l u e s  measured a t  25% compression.  
Cure Time, minutes  ( s e c  x 
F i g u r e  43. - Compressive Load v s  Cure Time of  Rubber Pad 
5 10 15 20 25 
Compressive Strain, 4 







F'igure 51. - Invert the Top Portion of the Bond Fixture 
F' igure  52. - Assemble t he  Bond Fixture  
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a,c. power - 
, d r a u l i c  supp ly  
Transducer  
Servo v a l v e  
Servac  Servo 
programmer c o n t r o l l e r  
Re t u r n  
F igure  66. - S e a l  A c t u a t i o n  System Schemat ic  
Figure 67. - Typical Deflection Potentiometer Installation 
F i g u r e  68. - S e a l  Vectoring T e s t  Se tup  

A. DUTY CYCLE A. 0.5' INCREMENTS 
CYCLE 10 
. - 
B. DUTY CYCLE B, PART' ],A', 10 CYCLES 
CYCLE I 
C. DUTY CYC1.E B, PART 2 , X o 4  10 CYCLES 
---- 
Figure 70. - Seal'Vectoring Duty Cycle 
I 
Figure 71.  - Axial Def lec t ion  vs Ejec t ion  Load 
Figure 72. - Ejec t ion  Load,  i b  x (N x l o v 6 )  
,- -2" De f l ec t i on ,  S e a l  S / N  02 
L- -2' Def l ec t ion ,  Sea l  s / N  OL 
Test P re s su re ,  p s i g  x 10-4)  




- k ( - .  102) -2 (-.051) 0 2 (.051) 4 (. 102) 6 ( *  152) 
Distance f rom S e a l  C e n t e r l i n e ,  i n .  (m) 
Figure 77. - Pivo t  Po in t  Excursion f o r  + 2' Def lec t ion  Angle 


"r( Figure 80. - Actuation Torque vs Deflection Angle, Over-Rotation Test 
n Z - 
L n -  4 
4- cd; yJ 0 
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FLEXI BLE SEAL FAILURE MODE EVALUATl ON 
Appendix A 
FLEXIBLE SEAL FAILURE MODE EVALUATION 
- 
I. INTRODUCTION 
This  a n a l y s i s  was prepared a s  p a r t  o f  a  program t o  design,  fabr ic  atc  ~ i r i u  
t e s t  f l e x i b l e  s e a l s  f o r  a  260-in. (6.6 m)  d i a  s o l i d  rocke t  motor movab?~ nozzl- 
The scope of t h i s  a n a l y s i s  inc ludes  t h e  i d e n t i f i c a t i o n  of  p r i n c i p l e  i 'ailurt 
modes of t h e  s e a l  assembly and t h e  es t imat ion  of  t h e i r  p r o b a b i l i t y  o f  oeeur- 
rence during program t e s t i n g  and under a n t i c i p a t e d  f l i g h t  cond i t i ons .  
11. FAILURE MODE CEEARACTERIZATION 
The a n a l y s i s  was l i m i t e d  t o  only those  f a i l u r e  modes r e l g t e d  d i r ~ e t l y  
t o  t h e  s e a l ,  s i nce  t h e  nozzle  s h e l l ,  t h e  con ica l  s h e l l  and t h e i r  p r o t e e t i v c  
i n s e r t s  and i n s u l a t i o n  a r e  not  t h e  primary subsystem being eva lua ted  oa 1 rll ;  
c o n t r a c t .  As shown i n  Figure 1, t h e r e  a r e  t h r e e  b a s i c  f a i l u r e  modes i n ~ ~ o i v e d  
wi th  t h e  f l e x i b l e  s e a l :  ( a )  t h e  s t r u c t u r a l  f a i l u r e  o f  t h e  s e a l ,  ( b )  t h -  r r q u i r e -  
ment f o r  to rque  i n  excess  of  t h a t  a v a i l a b l e ,  and ( c )  t he  premature burn t r roogh 
of  t h e  i n s u l a t i o n  boot p ro t ec t ing  t h e  f l e x i b l e  s e a l  su r f ace .  Although all 
t h r e e  a r e  poss ib l e  under f l i g h t  condi t ions ,  only t h e  f i r s t  two w i l l  be 
evaluated i n  t h e  t e s t  program. 
111. PROBABILITY CALCULATION FOR EXCESS TORQUE AND BOOT 
BURN THROUGH FAILURE MODES 
The c a l c u l a t i o n  of t h e  p r o b a b i l i t y  of  occurrence of  torque requi renent  
i n  excess  of t h e  design c a p a b i l i t y  and boot  burn through p r i o r  t o  t h e  end of 
a c t i o n  time was made using t h e  b a s i c  requirement vs  c a p a b i l i t y  formula: 
Appendix A 
- 
where XC and a r e  t h e  es t imated  average and s tandard  dev ia t ion  
of  t h e  c a p a b i l i t y  parameter 
- 
XR and 0- a r e  t h e  es t imated  average and s tandard  dev ia t ion  R 
of  t h e  requirement parameter 
i s  t h e  number of pooled s tandard  dev ia t ions  between t h e  
two parameters which can be equated t o  f a i l u r e  p r o b a b i l i t y  
by re ference  t o  s tandard  s t a t i s t i c a l  t a b l e s  o f  t h e  normal 
d i s t r i b u t i o n .  
i n  c a l c u l a t i o n  o f  t h e  p r o b a b i l i t y  of  excess  torque,  t h e  requirement 
average was es t imated  from t h e  approximate design formula: 
where T = torque p e r  degree d e f l e c t i o n ,  i n . - l b /deg ree  
G = rubber  s e a l  modulus, l b / i n .  2 
W = s e a l  r a d i a l  width, i n .  
R = i nne r  s e a l  r ad ius ,  i n .  
t = pad th i ckness ,  i n .  
' N = number of  pads 
The ratio of 1.9511.45 was determined i n  t h e  pre l iminary  s t r e s s  a n a l y s i s  t o  be 
L ~ Z  amdunt r equ i r ed  t o  a d j u s t  t h e  r e s u l t s  from t h e  approximate design formula 
Page 2 
Appendix A 
t o  those  obta ined  i n  t h e  computer a n a l y s i s .  The v a r i a b i l i t y  of t h e  rcqui - r d  
torque was es t imated  from t h i s  formula by t h e  propagat ion o f  var iancc i r c ' n - ~ ~ : u = :  
Using t h e  values t abu la t ed  i n  F igure  2, a  value of 4.60 x lo6 i n .  l b  (5.20 105 -m)  
6 was obtained f o r  3 and .266 x  10  i n .  l b  (.30 x  105 11-m) f o r  T. Asi;wnla~ t ha .  tl-- 
6 c a p a b i l i t y  (FC) i s  f i x e d  a t  5.00 x  10  i n .  l b  (5.65 x  105 N-m) with r ~ o  V ~ V  I 1 c , 
t h e  p r o b a b i l i t y  of t h e  requirement excerding t h e  c a p a b i l i t y  i s  calculcli,rn c 1, 
0.67. F igure  3 i l l u s t r a t e s  t h e  r e l a t i o n s h i p  between torque  c a p a b i l i t ~  a r u  . h _  _nrci-,- 
a b i l i t y  of exceedence and i n d i c a t e s  t h a t  a  c a p a b i l i t y  of 5.87 .i 106 (17, ~b (6,C3 i 
5 10 N-m) would be requi red  t o  reduce t h e  p r o b a b i l i t y  of exceedence t o  I O - ~ ,  -'h; 
design goa l  needed t o  a s su re  a motor r e l i a b i l i t y  of .999. 
In  calcula-cing t h e  p r o b a b i l i t y  of  premature i n s u l a t i o n  boot burl, t r\)~;q 
t h e  capab i l j  t y  (q) was expressed i n  seconds of  a v a i l a b l e  p r o t e c t i o n  ,-, E j ,.r- 
where ti = i n s u l a t i o n  th ickness ,  inches 
e  - i n s u l a t i o n  e ros ion  r a t e ,  inches/sec 
r - 
The requirement (%) was expressed i n  seconds of  p r o t e c t i o n  requi red 
p r i o r  t o  t h e  end of a c t i o n  time a s  fo l lows:  
where tw = maximum th i ckness  of p rope l l an t  consumed during ->~ch 
time, inches 
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r = prope l l an t  burning r a t e  p r i o r  t o  web time, 
w 
inches lsec  
t t o  = maximum prope l l an t  th ickness  consumed during 
t a i l - o f f ,  inches 
r t o  = propel lant  burning r a t e  during t a i l - o f  f ,  inches lsec  
The s tandard devia t ions  f o r  t h e  c a p a b i l i t y  and requ i re~~ ien t  d i s t r i b u t i o n s  
were determined from t h e  following formula: 
Vsing t he  values t abu la t ed  i n  Figure 4, a  value of  250 seconds was obtained f o r  
- 
XC w i t h  a s tandard devia t ion  of 17.4 seconds (6.95%). The nominal requirement 
vaiue (X ) of 147.5 seconds was found t o  have a  s tandard devia t ion  of  1.92 R 
seccnds.  Figure 5, which i l l u s t r a t e s  t h e  r e l a t i o n s h i p  between boot th ickness  
and the  p robab i l i ty  of  premature boot burn through, i n d i c a t e s  t h a t  t h e  current  
~ o m i n a l  design th ickness  of .500 i s  adequate. 
TIT. DETERMINATION OF PROBABILITY OF SmL i%3CHANICAL FAILURE 
The prel iminary s t r e s s  ana lys i s  i d e n t i f i e d  f a i l u r e  of t h e  rubber pads i n  
-,hear as the  most l i k e l y  mode of mechanical f a i l u r e .  Because of  t h e  complexity 
o f  t k ~  r e l a t ionsh ips ,  shear  fo rces  cannot be r e l a t e d  t o  the  design parameters 
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governing them by simple formulas.  In s t ead  they  a r e  c a l c u l a t e d  by a  ccmpuirr 
program employing t h e  f i n i t e  element technique.  The only f e a s i b l c ~  mctnocr r ~ r  
es t imat ing  t h e  probable d i s t r i b u t i o n  of t h e  shear  requirement,  t h e r e f ~ r e .  i s  
t o  employ Monte Carlo s imula t ion  techniques i n  conjunct ion wi th  t h e  cc~rr~put t 
program u s ~ d  i n  t h e  bas i c  s t r e s s  a n a l y s i s .  I n  performing such a Monti Carl, 
simulat ion,  t h e  parameters t h a t  a r e  normally input  i n t o  t h e  c o m p u t ~ r  r , a 
s i n g l e  value a r e  allowed t o  vary i n  a  number o f  s imula t ion  runs t o  t h r  drgr r r  
t h a t  they  could be e rpec ted  t o  i n  a  s e r i e s  of  motors. Thus, ins tead  r ~ f  pl-c- 
ducing a s i n g l e  value r e s u l t  such a s  maximum shea r  s t r e s s ,  a  d - j s t r i b~ l t i o r l  ji 
probable shear  s t r e s s e s  i s  obtained.  It used t o  be considered necesscry ;a 
make hundreds of  s imula t ion  runs t o  cha rac t e r i ze  such a  d i s t r i b u t i o n ,  rf,, ic i r r ,  
r o r  preliminal-y e s t ima t ing  purposes,  it i s  s u f f i c i e n t  t o  make a 1 i m i t . d .  rr~lmbrr 
of  runs and c a l c u l a t e  a  s tandard  dev ia t ion  of' t h e  output  parameter f r c v  i r - = r .  
The values  f o r  averages and s tandard  dev ia t ions  used i n  t h i s  a r r ? l y , i -  
a s  input  parameters t o  t h e  computer s imula t ion  runs a r e  shown i n  Figurc o. 
Figure 7 p re sen t s  a t a b u l a t i o n  of the input  parameter values a c t u a i l ~  
used i n  each s imula t ion  run .  These a c t u a l  values were c a l c u l a t e d  f o r  cacr~ 
input  parameter by s e l e c t i n g  e i g h t  va lues  from a t a b l e  of  random stanrhir l  
dev ia t ions  and adding o r  sub t r ac t ing  t h a t  number of  s tandard  dev ia t ion -  f c 3 r  
t h e  nominal va lues  f o r  t h e  e i g h t  runs .  
It should be noted t h a t  two input  parameters,  e j e c t i o n  force  anrL Pc l - ;o~- ' : ,  
r a t i o ,  were not  va r i ed  independently s i n c e  they  were considered t o  be f u n c t ~ r n s  
of  o t h e r  input  parameters  t h a t  were being va r i ed .  E jec t ion  fo rcc  (pejj fur 
example was c a l c u l a t e d  f o r  each run from t h e  formula: 
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~~j = 13,400 pc - 9.02 x 10 6 
where PC = maximum chamber pressure 
Poisson's ratio (Ij) was calculated in similar fashion by: 
where K = rubber bulk modulus 
G = rubber shear modulus 
The results obtained for eight simulation runs are shown in Figure 8. 
Whcn plotted, the correlation between chamber pressure and maximum 
shear 3ppenred to be extremely high. A regression analysis yielded a corre- 
lailon coefficient of +.9994 indicating that 99.73$ of the variability of 
max;mu;n spear was associated with chamber pressure (or ejection force) and 
ocly .27$ was a function of the variability of all of the other input parameters. 
S-rLcc similar plots for other elements yielded similar results, it was concluded 
that the variability of shear stress could be estimated directly from the 
~ariab~llty of chamber pressure (or ejection force) from the following 
relationship : 
where : (T~y and Fy = the standard deviation and average maximum shear 
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IT' PC and PC = t h e  s tandard  dev ia t ion  and a v ~ r a g ~  T A Y  ~rn:rc 
chamber p re s su re  
in = t h e  s lope  of  t h e  l i n e a r  r e l a t i o n  b e t w e ~ n  
maximum pres su re  and maximum shear  
'eY = s tandard  e r r q r  of es t imate  from rna-/irnlnr, 
p r e s su re  vs  maximum shear  regressin1 1 L ~ I ' A  L:",l 5 
Using va lues  of  103.7 f o r  F 117.266 f o r  m, and .4008 f o r  Sey, a  value of Y' 
i)"y 
216% was obta ined  f o r  
- . 
F~ 
Because of t h e  d i f f i c u l t y  of running a  combined s imula t ion  of a:/l-,uJ~l~r?~ : rAc
and torque loading,  t h e  s imula t ion  was performed only f o r  t he  a x i s y m ~ t r i c  C C L Z - .  
wi th t h e  reasoning t h a t  t h e  percentage v a r i a b i l i t y  obtained f o r  t h c  c _ r l ; j r l  T_: 
case  would be a  good es t imate  of t h a t  of t h e  combined loads.  Accord i rg l i ,  ~ h r  
s tandard dev ia t ion  of maximum shear  was est imated a t  21.6% of  t h e  t r t a l  pi - i 
* J  
p s i  (7.2 x 105 ~ / r n ~ )  (axisymmetric) plus  17.9 p s i  (1.23 x 105 ~ / r n ~ )  ( { , , ~ C I I ~  ), 
y i e l d i n g  a  value of 26.4 p s i  (1.82 x 105 ~ / m * )  f o r  1r. Although t h i z  p 
(21.6$ may seem t o  be high compared t o  t h e  1.6% f o r  chamber p re s su r r  . J - ,  r- - +  r
be rcme~nbered t h a t  t h e  e j e c t i o n  f o r c e  s tandard dev ia t ion  i s  a c t u a l l y  lj,l$ -1 I:, 
As a f i n a l  s t e p ,  t h e  p r o b a b i l i t y  of  rcaximwn shear  (cornbiped a r l s y  I luf lr 
and torque loading)  exceeding t h e  m a t e r i a l  c a p a b i l i i y  was ca l cu la t ed .  Tc: -1- 
c a p a b i l i t y  nominal, t h e  va lue  of 292 p s i  (20.2 x 105 ~ / m ~ )  der ived  in  tk - c  I - =r - 
s t r e s s  a n a l y s i s  was employed. A s tandard dev ia t ion  of 30%) based on p r o p - l l s ~ :  
v a l i a b i l i t y  experienced, was assumed. This r e s u l t e d  i n  a  p r o b a b i l i t y  cl 
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05 3 x only s l i g h t l y  g r e a t e r  than  t h e  t a r g e t  value of 1 x Figure 9 
presents  t h e  r e l a t i o n  between p robab i l i ty  of f a i l u r e  and shear  s t r e n g t h  nominal, 
ass~vnrng a standard devia t ion  of 10% f o r  shear  s t r e n g t h  capab i l i ty .  
ii, C ONCLUS IONS AND RECOVMENDATIONS 
Based on t h e  prel iminary design information ava i l ab le ,  t h e  p r o b a b i l i t y  
3f oceurreicse of t h e  s e a l  s t r u c t u r a l  f a i l u r e  i n  shear  and t h e  i n s u l a t i o n  burn 
6 t h r o ~ s h  f a i l u r e  mode, i s  l e s s  than  o r  c lose  t o  the des i red  a l l o c a t i o n  of 10- . 
The ? r c b a b i l i t y  t h a t  t h e  torque requi red  w i l l  exceed t h e  a c t u a t o r  c a p a b i l i t y  
1s excessive,  i nd ica t ing  t h a t  a  s i g n i f i c a n t  increase  i n  torque c a p a b i l i t y  i s  
r?qui red ,  
3ec3use the  p r o b a b i l i t i e s  a r e  dependent t o  a  l a r g e  degree on v a r i a b i l i t y  
of  nnaber shear s t r e s s  and m d u l u s ,  it i s  recommended t h a t  t h e  est imated va lues  
used nere, vhich were based on experience with s i m i l a r  ma te r i a l s  be v e r i f i e d  
sy a labora tory  t e s t  program of t h e  candidate ma te r i a l .  Such a  program should 
mea iucc  k t - t o - l o t  v a r i a b i l i t y  a s  we l l  a s  wi th in - lo t  v a r i a b i l i t y  i n  order  t o  
reallstlcally r e f l e c t  probable manufacturing condi t ions .  The e f f e c t s  of aging 






























































































































































































































































































































































































































































































































































































































































































































































































































Ru-bber %ear Modulus, 2 5 1 .25  
l b i i n .  "(/m2 (1.72 x 
105) 
Sea l  Radial Width, 
i n .  (m> 
Tniler Sea l  Radius, 
i n .  (m) 
Pad Thickness, i n .  
(m> 
Nuyriber o f  Pads None 
Bas is  f o r  Estimate of 
Batch t o  ba tch  v a r i a b i l i t y  
of  modulus of 10 batches 
of  V-45 rubber a t  300% 
s t r a i n .  
The RSS combination of 116 
of t h e  t o t a l  drawing 
to lerance  f o r  both  pads 
and shims. 
116 of the  t o t a l  drawing 
to l e rance .  
To ta l  wi th in  sheet  and 
between sheet  C / Z  % 
est imated from nine shee t s  
of rubber. 
Parameters Used i n  Calcula t ing  Excess Torque P robab i l i ty  
Figure 2 
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Probab i l i ty  
O f  Excessive 
Torque 
- 
Q o r  Equivalent NO. of Pooled 
Standard Deviations Between 
- 
XR and gc 
- 
Torque Caps-2 ility (%) i n .  ~b ( IT-n)  
Rela t ion  of P robab i l i ty  of 









( (rL/s ee ) 
Pr-opeLLailt Thickness 
Conslxlied Prior t o  Web 
Time, i n .  (m)  
Prope I l a n t  'Chickness 
Conswned Duining Ta i l -  
o f t ,  tu,, b) 
Prope Ll.ant Burning Rate 
PrLor t o  Web Time, 
(n/sec)  
';opeLlari-c Burning Rate 
Sh Jail-Of f ,  
- l l / s e L h ,  b / - c )  
Nominal Deviation 
- 
X CT Basis  f o r  Estimate of 
116 o f  t o t a l  drawing to l e rance .  
Motor t o  motor v a r i a b i l i t y  of  
maximum eros ion  i n  fwd and a f t  
heads of  12  Minuteman Wing V I  
motors. 
The RSS combination of  116 of  
case and i n s u l a t i o n  drawing 
to lerances ,  observed bore d ia -  
meter v a r i a b i l i t y ,  and est imated 
maximum core s h i f t  of .25 inch.  
(-00635 m) 
1 1  
V a r i a b i l i t y  between 12 pot  
increments of l i q u i d  s t r and  
burning r a t e  f o r  260-SL-1 
and 260-SL-~ . 
V a r i a b i l i t y  between 1 2  pot  
increments of l i q u i d  s t r a n d  
burning r a t e  f o r  2 6 0 - ~ ~ - 1  
and 260-SL-2. 
Parameters Used i n  Calculat ing 
Premature Burnthrough Probab i l i ty  
Figure 4 
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P r o b a b i l i t y  of  
Premature Boot 
Burnthrough 
o r  Number of Pooled 
andard Deviat ions 
Between TR and & 
Rela t ion  of P r o b a b i l i t y  o f  Premature 
Boot Burnthrough t o  Boot Thickness 
- XC, Boot Thiel-rlcr,s? 
i n .  ( m )  
.450 ( .OU~I ) 




I3ject;on Force ( F  - ) ,  l b ( ~ )  1,000,000 171,000 
e J  (4.45 x 106) 
M s x ,  Chamber Pressure  
P i n  (N/m2) 750 1 2 , 7  
(5.17 x 106) 
Ycung ' s Modulus of  
Xrbbg: E ~ b / i n . ~  (m /mc  R 
Y c m g  ' s  Modulus of  
S t e e l  (1:$), l b / i n .  
(N /m* 
Pad Thickness ( t  ) ,  i n .  (TI 1? 
S k i m  Thiekriess ( ts)  , i n .  
(T 
S e a l  Raaial vlidth 
( ~ 1 ~  + \dS)> i n .  (mj 
P ~ l s s o n ' s  Rat io  o f  
Rubber (y ) 
Source of  # 
++ 
RSS combination o f  v a r i -  
a b i l i t y  of  burning r a t e ,  
p r o p e l l a n t  weight, web 
th ickness ,  t h r o a t  a rea ,  
e t c .  
Batch-to-batch v a r i a b i l i t y  
of  modulus o f  10 ba tches  
of  V-45 rubber  a t  300% 
s t r a i n .  
Based on v a r i a b i l i t y  of  % 
of  b a s i c  chemical ingre-  
d i e n t s  from hea t  t o  h e a t .  
T o t a l  w i t h i n  shee t  and 
between shee t  C T / X  
es t imated  from nine s h e e t s  
o f  rubber .  
116 o f  t o t a l  drawing 
t o l e r a n c e .  
RSS combination o f  116 
of t o t a l  drawing t o l e r a n c e  
f o r  bo th  pads and shims. 
a Values used i n  s imula t ion  runs  were der ived  a s  func t ions  of  
s t h e r  input  parameters,  i . e . ,  parameter does not  vary independent ly.  
**The maxlrnu-n value of  81 was used i n s t e a d  of  t h e  nominal 75 t o  make 
i h e  sdmulation r e s u l t s  compatible wi th  previous  a n a l y s i s .  The r e s u l t s  
were not  s i g n i f i c a n t l y  a f f ec t ed .  
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Pressure,  Shear, p s i  
Ejec t ion  
Force, l b  
x 10-6 
( m j  
Next Highest 
Shear, p s i  
p s i  ( ~ l e m e n t  1-36) 
(N-0-4) (N/mZ x 10-4) 
Monte Carlo Simulation Results  
Figure 8 
Appendix A 
P r o b a b i l i t y  of  
Shear Requirement 
Exceeding Capab i l i t y  
9 o r  Number of Pooled Pad Shear  
Standard Deviat ions Between 
- St reng th ,  - psi 
XR and xc % ( ~ / m p  x 10-4) 
292 (202) 
( ~ e s i g n  Nominal) 
Rela t ion  of  P r o b a b i l i t y  of Maximum Shear 
Requirement Exceeding Capab i l i t y  t o  Pad Shear S t r eng th  
Figure 9 
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I .  ENGINEERING DRAWINGS 
Drawing No. 
11. SPECIFICATION 





T i t l e  
F l e x i b l e  S e a l  - 260-in.-dia Motor 
End Ring,  Fwd - Conica l ,  F l e x i b l e  S e a l  
End Ring, Af t - Conica l ,  F l e x i b l e  S e a l  
Shim - Conica l ,  F l e x i b l e  S e a l  
Pad - Conica l ,  F l e x i b l e  S e a l  
Boot ,  E l a s t o m e r i c  - Conica l ,  F l e x i b l e  S e a l  
T i t l e  
Compound, N a t u r a l  Rubber 
I n s u l q t i o n ,  Butadiene A c r y l o n i t r i l e ,  Unvulcanized 
S e a l  Assembly, F l e x i b l e ,  F a b r i c a t i o n  of 
I n s u l a t i o n ,  Rubber, Butadiene A c r y l o n i t r i l - e ,  Aato- 
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MIL-S ' I 'D-  105 S a m p l i n g  I ' r o c c ~ l u r e s  and -1'ables f o r  
In spec t ion  by  A t t r i b u t c s  
P\I 11,-S'J'D- 1L'f > ~ f n r h i n g  f o r  Slaiprnent ntld S t o r a g e  
( C o p i e s  of doc \ l l ncn t s  rcc!uired by c o n t r a c t o r s  i n  connec t ion  wi th  
spc\-;fic l x ( x ! r c ~ n c ' : l t  f : i n ~ t : o n ~  s!lould be o?,tainetI n s  ins!:cntcd in  
t l ~ ~  Dc'p'~;.!r>lt.nt of Deic'nsc Index  of S p e c i f i c . ~ t i o n s  and S tandards ,  ) 
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-...-------- 
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i o r  bicls, shal l  fol-11; a p A r t  of this s p c c i i i c n ' i o l ~  to the  cxtcat  
s p e c ~ f i e c i  here-n. 
t l r n e ~ i c ; . : ~  Soc ie ty  for 'restin(: :t:ld Ala te  rials 
--.---- ----- ----- ----- 
-!.Srl'Lf C 177 ~ M e t l l o d  of Tcst  for T:ilCrrnal C n ~ l d ~ : c t i v i t y  
of h l a t e r i a l s  by h icsns  uf t i l e  Grl~i,rc!ed 
Hot I'la. te 
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d r y i n q  
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M e a n  t c s t  tcrnperature 
150' F 
61-11) Shi:,:)Jng cc!ntt. 4. -i 
(n) Y..nt:>i:l;l r. !)eel 4. 9. 6 
(o) 5!o?-c:gc liii! ;in6 4. 9. 7 
t1sc lifc 
-1. 0. 1 JVat!c:- ;tl~sor!;tiolz. - IV'iter absorp t ion  shall f)c cletc.rn-~lncc' 
--------.- 
a s  fo?:oc.s:  
( a )  C;ut fo1.1:. s;:i?>ples 4 t 0. 030 inch ( in .  ) i ~ y  
- 
1 + 0. 0 3 0  in.  L>- 0. 25 t 0. 030 in.  f rorn  
- -- 
2 . t i > s t  ~ - < > ~ p o i ;  S O  : ! \ ; i t  t1l.c 0. 25-ill .  T.V~C!C 
S\ ! I .~ :?CL\S ;i YC* ;L:I! :IC\V~Y ' . s I ) o s ~ ~ .  
( b )  C~nc!ilio:i i !~e  spcc in l c i l s  for a minin;:im 
of 2 4  llocl:.t; : i ~  75 ,f 5 '  F slid 5C' 1. 5 l>ca:.- 
- -- 
C L ' Z ~ L  :.el:itive !~~i::lidi:y. 
( c )  , Y;ei;l c n c h  spcc i rncn  to tlzc ncrtrest- 
0 .  O O C ' i  s r ; ! ~ ~  ( y ) .  
(d)  P!:icl: !he s;,eci:nens in  3. s1.1it:tblc ? y e s -  
p s 1 $1: . 
. ,  ( f )  I:~c;-~:;:se t he  T > I - L . ; s ; I Y ~ ,  ::l i:Ii. ti.:;! ijxtlli-<t 
t o  ? O i l  -1- 10 ?~:;i:;, rrnti i~ul:?, ior 30  -i- 1 
-- 
- .  
- 
!?>::;~kLcs. 
. . (8)  I?C'?C~:LSP !ll:? ; y r c ! S S : ! Y ; ? ,  Ci::;:! .; : ; t : ! ~ ? l ) l t ?  :1)p 
t e s t  f : s t~ i r t* ,  ::!id :.e::ii,l..e t bc .  :;;,t.':i~:;c;ls. 
1 )  , i . < ! < ; t  cx~.<':;:; \ T . . . ! ' I ' ? .  f.:-i>~?: !:)? > . :!ic~i:ni.: :~ 
Page 2 2  
Appendix B 
( j )  l i zzo : -d  : I I ~  rc: ;ui ts its vccir:ht ~ ; c - ? . ~ t . r i !  
i r icrc?~ s e ,  f r o m  ~ht: u r i g i n . t l  \%eight,  of 
the wcir:l>t:; obtairicd in (-h) and {i). 
U'here:  C = O r i g i n a l  wei;.Ilt 
h - Weight after irrlrnersion 
j r-.: W e i q h t  af:e r imlne r s i on  nrld d ~ y i n c  
6 
4.  9. 2 T c r n n c r , ~ t u r e  rise. - The follox\ing p roccdu rc  shczlb. bc 
--.-t-_---- 
t isc~c!  to dtatcrn:inc tc.rnpcra:urc :.ise: 
-11. 9. 2.  i Tcst  f i s tuye .  - U s c  a t e s t  f i s tu re  ~ . d j u s t c d  to p roduce  
-- 
the fo l lo \ s? in~ :  
( 3 )  F i x  torch ?c . r~~enc! isa la : -  t o  s p e c i ~ n e n .  
( 1 )  Adji?sta5le di.s:nnce bctwccu tor-cil- ti!:, 
and sa:~:p!ct i:icc to  1 + 0 .  0 3 0  in. . 
- 
( c )  h,fatzifold pyt.ss;ire ~-eqt i lz~t ion  of oxygen 
ant! ncc.ty!tlnc ro 12, 5 + 0. 5 ps ig .  
- 
(d)  A c c  t y 1 i . n ~  flax-.: of 0. 58 -t. 0. 01  cub ic  
- 
t p e r  rni:::.ltc (cf :n)  211 ti o>:~-i;c:~ f!o\\- 
of 0 .  5': .i. 0 ,  i!l c ~ T I - , ,  
- 
(<.j ' I - ~ T ~ , ~ ~ , - ~ ~ ! I : : . ~ I : ! . I ~ . ; ~ ( ~ ~ ~ v c ~ I I ~ ~ I : I ~ : ~ ~ s .  
, . ( f )  r~;~r,::1-~i:.,Xa. .-:jg.'>?.j:{,, <;L+;~pr;Li T i r e  
~ n c ?  3':ubbc:r Ci:~z~?xn;;, .??Tro!.. (.ih!o. 
r,.. 9. . 2 , e s t .  - T h e  tes!  : ; i~.ii l  be ;IS id1 Lou-s: 
-. - 
-4 by -1 by 0. 060 t h i c k  Din - 2 bv 0,  020  t 0. 001 t h i c k  
- 
3 0. 0 0 3  s t c c l  d i s k  
-. 
-- -------- --.--- ---- 
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~ ~ l ~ I ? l L ~  r s e  :,' f i h e  rljo:i ;-ci j ~ i ~ * ~ . i ~ - .  ;., ! i  11% ! * : j t > ~ ,  
1,: ; ~ ~ ~ ! ~ T : ~ ~ ! ; Y ~ : I * ~ ~  >i:.,c to  c o n ? a ; l  :klc - i ! . t , t : l  
?:.:,-ki:lg ::i;~te, in \!.-r.:%cr ;:t roonl tcrnpt-rn- 
c* l rp f -  5 t o  1 i t .  Rcrrlove frola 
tilL? wcite r. i ~ l o i  ~f f : I I C  c:iccB s s ,  ' :i~d us(: 
\I. ::!I::: , ~ > L l t ?  !li!.li-. 
( c )  11s :;crni,lt; tht. spc r imen  i n  t h e  fii,erbo:i~..ti 
i1oldc.r .i11(1 ~:osi!loil 011 t he  t e s t  iixttlrc. 
( d )  Sccl1:-ct ;I ~ - c c ~ > r r i i n z  ~fic?.mocotrp!:~ in  c o n -  
tact \sit!] the. n~ct , t!  haciring pl:ttc a t l a  place 
a dalnp 3 i:1. d::t~-~ctc.r sijecimcll tlolc!cr n:i 
a cap  on top of t i l e  t i a l n p l ~ .  
(e)  Ig11i:c. and  lo \vc~-  tiic t o - c h - t i p  to 1 - + O. 030 
in. f:*or:~ !he ::ppe:. su rirtcc of t h t .  u p p e r  
plztc ,  \\it11 !hc t i : r ~ h -  t i ?  ;it  ? 0  + 5 L O  tllc 
- 
pl:iile of !!IS ;j!.?te. 
( f )  D e r c r r n i ~ ~ e  the  tisnc, to the ~ l e a ? - e s t  0. 7 
s e c o ~ i d  rcq+;li~c?d f o r  tlic b;lcksi:ic s u r i a c e  
to reacl i  tc:r:ir,c\ra!r~l-cs of 7 0 0 ,  360, znd 
400"  F, anci r c i o r d .  
. I . 9 . 3  V'ci!;ht l o s s . -  Tlic fo!loi\.ing; proscd:~r:: sin11 bc  used 
-- ------ 
to  r<cterrr~inc \\.eight i u s s :  
(a) C u t  or mold n s ; ~ c c i ~ n t . r ~  of i~~sul; : t ino,  
rn ;~ t t r j a l  to n d i a ~ n e t c r  dapp ros i rna t e ly  
2 b y  0. 25 + 0 .  0 1  i : ~ .  t11,:cL;. Rcco rd  t h i s  
- 
tilic;i:lcss ; i s  t 3 
(b)  Wt.i:;h !hc s:)c.f:,l'irnc:~ to t?ic nc:i:.c:;t 0, 05 g 
.-:1-,2 Y ~ ? C C > ~ < I  !h:S :!li:i:il \~:ci;;?l: ( ' , " r : ) .  
( c )  P!,ice t!lc s ~ > c ~ - i l n c : l  i n  t ' t ~ t ~  .<~)eci:ncn holclcr 
-. 
;i11cl pos i t i ( : t ~  it. 111 ;: t e s t  I : s t : i : -e  (4. 9, 2 ,  I ) .  
-. (d) I S - i t i l  the t tcs t  :~:;';:;rc ;~dj,:stc:! i:t ::ci:c;rd;iricc 
\ x , . i [ h  -1. 51, 2. 1. c:;L.c-;:! [!I;!: ~ 1 1 ~  L ( > F C I I  :,li;ti: !)c 
* 
cl<rpctccl n1.7.-.-2\7 i~on .7  :he s;>cbcinicx:l. ir;nitt. tilt: 
f!r~nle ;tntl ve r i fy  !!lr n:i j t is t!~~ell t  of rile rnnrli- 
( e )  Ida\l,-cr tlic t o r c i l - ! i n  t o  !hC !(!st po:;itic?n 2nd 
n l l o : ~  tc? osc:l!i;!!c. at 10 t- C.  23 c y c i c s  per  
- 
~ ~ 1 i r i : : t  e ~ I I : - c . J * . : ~ ~  ii UL ' ;ire. 
( f )  . ' ~ ~ : ~ ~ ~ ~ : ~ ~ L ~ ~ ~ O S ~ L ~ C ~ : I ~ S ~  r c r ; : ~ \ ~ < ~ t ? ~ e f \ ; : : ? , ~  
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:\ , k - , L.., , \ ,  
. . 
( i t )  iirc!cix ;:z3, T?CO~*(-; ! ! ; e  { : I . , ! ?  . , ;~;!;n: ,ji :!kc, 
: ; i i t l : i . . ! t :  (i';!) to tFlc i:c\;il.cst 0. O ?  I,: and 
dctc.;.n?lnc the i v c i q i ~ t  loss a s  follo\vs: 
Wher t : .  JV = iVciqht loss ,  q 
W i  = Initial ~ v e i ~ l ~ t ,  q 
Wi = Fina! upeight, g 
1. 9. 4 I 'h~cl . ;nc.ss  105s rate. - 'The follo\ving procedl l re  sh;ill 
- 4---- - -- - ----- -- - 
t ~ s t ~ c !  to dcbtcr.~~::lc ~llici;ilt>ss ! o s s  r a t e .  
(a) r l f t c r  \icighinq thc  spec.iln~11 i n  -1. (;i. 3 (q ) ,  
saw tile s p e c i m c l ~  i n  :\VO on a line th;:: T1i t . s  
t l l r o u s h  tilt: , : ;~prosim:~te c e n t e r  of the 
erodcd a r c 2 .  
(b) hIc , t snre  t l )  t!la : icsrest  0. 01 ::I., or: the  
face of the c u t ,  t hc  n:iilimum th ickness  of 
. . 
vlrr-::~ . , n;nt.=ri;;! (t,,) ( s c p  f ic ;urc  I} .  I?t .curc!  
1 
the 3ve.':'nct' o f  ti!:.cc c1crt'rrnin:~tio:ls. 
( c )  Calc.u:,itt. the t ! l i ckncss  l o s s  rxte a s  follo\i.s: 
to -t,, TLR, ill. /set = --- 
E 
JVhhe:-c: t o  = Orig ina l  thii-iincss of szn lp lc ,  in.  
t,, = Mi:lin~um r l ~ i ~ k n e s s  of ~ i l - ? i n  
- - 
rnntc l - ia !  !c:t n i t e r  esposurc in. 
E = E s y s u r e  t i s ~ l c ,  secor:rls 
4.9, 5 Spes i f i c  : i t ' ~ i t .  - Specific: 11e:it shrill. bc tictc~n;i~lc.c! irl n 
- .- - - - - . -  
.r - 
~1z t1 :qc : -  c j i - ; . ) ! l ' i ~ ~  c r i 1 o ; - i : : : ~ : ! . i b r .  L i:~: spcc i :~?e ; :~  ? ~ c ; > , ? r ~ ~ f l  :I? i . : r ~ ; L ? ~ ~ ~ t i : ; g  
01112 :;I1 ~ c t  f i - ~ r n  C . . ~ ! < * ! I  :;i:t-:~p!e ;.011 : ;~i(i  c:-,~rL::i ::I :~ct:o;-d:i~l~-c >.:, G b  0 -  6 
to fo?-n> A c o ~ n p o s i t c  (:s-i.ic;!i! 'b:!) s:1:111 1,'. i:e:ttec? : u  ;: t l ' ~ ? : j ~ e ~ : t t , i ~ t '  (:!'l) 
. . 
: ~ n d  then plscc.r! i n  n \r;tpor:;Tt:zc rrr>cdi~im .cf E'rccin 1 1 4  mzlnt; i ined 2.t ;i 
canst i r l~t  ten>;-crcl!u:-c (I-L).  
C a l c u l n t c  t h c  s;)cc-ific h e a t  i n  ;icco:-d;:il~c lvitll t ht. icjl:o\i i ? : ~  tx?\ia!:o;l: 
Appendix B 
----- 4 
Dc;:r.:rdeci L a y e r  1 
/------- 4-' --- t 
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IVlilt-rc. t l  'The i ~ c n t  oi \ . : :porii:;it~~:l i i r -x~ i t~ t ion  
v 
of F r c o n  11 1, B T U / l : 3  
111 - T h e  L in~o\ ln t  of F - c o n  1111 ;,asscd 
off a s  crts ( c o r r e c t i ~ d  f o r  normiil  
c n v i r o n r n e n ! n l  Ic)sscs),  l b  
W = JbTclght of t he  spc.cimen, Ib 
T1 = T e m p e r a t u r e  of :he spcci lnen,  " F 
T 2  = T e m p e r a t u r e  of the F r e o n  PI-!, " F 
4, 9.6 1,atni:lns peel .  - .A11 even nun lbc r  of 12-incll-lone ~ i e c e s  
- - - --- . -
of u n v ~ t l s a n i z e d  rut,bcr. shni! bc f ~ e s h e n e d  or, both s j d e s  l v i t h  to l~!o l ,  iia 
a c c o r d ; ~ ; > c c  7,vt.ith S'i~c.cificntion TT-T-548.  T h e  frct;llctncd ; , ieccs s h a l l  
be ?amill? ted to !~cinliiln! 0. 5 in .  t h i c k n e s s ,  r o l l i n q  rllc ?.ir fronl  ?,c-t~veen 
1 1 .  Re1e:ise tile ;)!ic?s with polyte!rnfluoroctilylme io r  ii t i is taace 
of 6 in.  f:-oln [,nu cn", ~ v i t h  ti-.,. snn?c nu;rbe!- of s!rcc.t s of :-u?,i)c.:. or1 
both sitlcs. C:,;re f o r  2 .t. 0. 1 ho:l;-s at 300  t 10"  F nn:cl 500 : ) ound j  ?-)el- 
-- - 
square inch  p r e s s a r c ,  rni~iirn:;n>. Cur n::?rosimi:tc!y oiic-i1ic!i-\~:i2e 
stri;>s i r ( > n ~  tllc. c ~ t ~ e c i  i n m i n n t c .  Dete-mine !arni;lar. p t c l  st  18C0  ?eel 
and ZG i n .  p c r  n1inut.e crass-ilc:r6 speed. 
4. 9. 7 Sto:-;tlic life n!ltf a s e  l i f e .  - Thc unv~!lc.rrni;:t~d, c- i~ ! t : i i r i c . r . i . c ?  
- ------- 
n3ateri:tl s h z l l  LC storc:i Ir? r~ clciin, ciry ccjr~ta.i.!ler, i.11 2 t inrk,  dry ari2a 
,zt a tcn>perat!l:-t: not  e x , - e c c t l n ~  8G0 F f o r  the specif icr i  5inle: s:m;i r-lpsn 
vulcanizinq shnl !  bc. tcsttlci f o r ,  :tnd meet  the requ i ren lcn t s  of.3. -L, 
5. .F1REI>-~.R-ATIQN FOR D E L ! V K R Y  
. . 5. 1 I : .  - The n:n!-cri:il s h a l l  ?>t* .s;-:zk.,;!qccl In rol.1:: 0:- 
--- - -- -- -- 
f la t  ~ l l ~ c t : s .  ?'\I<. ::~::~c:.!::l u;ec-! in  p 'c lc ; ic l~ l~  eIl?.l! no: s t i c k  to  !hc 
- 
Appendix B 
. . ( 2  S:i:;:bt-.:. :I!. : - cv ; :<~o:~  ! c t t c r  oi this 
. .. 
5 : ! c ( - ! : ~ c ; ~ t : o i ?  
7 .  ( ' ) )  'j I , + : > , :  ;:::,I : : i ; . ~ >  c.\f ~ . ~ ~ ~ ~ : i ~ : l ~ r  <],--;: :pci 
. . 
(.:) l , : ; ~ . c ~ : o f : l > ~ - > ~ ~ ! ~ ! - ! ~ ~  
. - ( < I )  i!:i?:-v:xn 1 0 :  s i x c a ,  :I ~i;>plic;tl>!e 
( ( 2 )  . I ' !2i :e of deb? i v d  yy 
(i) I ~ c ~ c ! ~ i c s ~  f n ~  : ! ~ ! - c x t *  c!.>?ics c ~ f  ?>.?~o:-;.~:c:-y i,::?? ! X , - S ~ ~  
<.!f ;IY~FYO;!~IC t ion  :i:l<: ~ C < C ~ I [ ~ : ~ : C < ?  t ~ . ; :  Y ~ C I . : :  . , L  -* * -  
T \ :  :1\ :; 




t l .  3 Storii gc c:o~ltiitions. - Tkc! I I I ~ L . L L ~ C ; ~ I ~ ~ Z C ( ! ,  ( . ; I  l en t l e r cd  materisil 
-------- ---- 
-;hc,~llti I,c . - t t b r c : r i  I I I  s c . l t : , ~ r i .  (fr:. < r,nt:iiner, i l l  i L  d a r k ,  t l ry  a r e n  at a 
:e:r,pc r , r t  1 1  r t b  110: 12 . i c (*c : ( i i~ l~ :  80SE', !5:;(.ept 20  pc rccn t  o f  t he  s torage l ife may 
. 3 .  1 S t  i f .  - S t o r ; t ~ e  l i ie  of the unvu lcan ized  m;itc:rial is 
--------- 
d,:iint:ci <is the: L I L - I : ~ :  a i tc<r t~ i ; in~i iac- t l i rc  ciuring v b v l i i c  11 tk:,: ma te r i a l ,  s t o r cd  i n  
; ic~.orti , inc-c:  ~ v i t i l  c.. 3 ,  upor1 \-ulcal;i;:l:~$ :':ill nict.:t t . 1 1 ~  r e q u i r e ~ r l e n t s  out l ined  
in  3 .  4. 
6. 3 .  2 : i f .  - c ; . ~ ~ :  l i ic :  ct: thc 1.1nvi.lc-nrii/.ed n ~ i i t c r i , ~ l  sha.11 bc 
- - - - - - - 
ciel'i:lL:<i ;t t h e   ti!.:,^ i l i ~ ~ :  I. s i l i i ) t n c ~ ~ t ,  C ~ L I  1-111s \-,*hi 8 - 1 1  Li:e i ~ ~ a t c r i a l  s to red  i n  
:icc-c,rd,l:~c-c \~:irh rb. 3 ,  iti,on ; . ~ ~ l c . . ~ ~ ~ i ; : i n p ,  ~ v i l l  ~:lcc!t t h e  p r o p e r t i c s  oi~t i inecl  in 
3 .  .I. 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































.# :L "1.. 
~ / A F R ~ J E ~  A E [ : l g J E T - G E [ I E R A L  C O R P O R 6 \ ' r 1 Q N  ; / b*-" h" ..-.- 
i~aitiriini 1 CODE  DENT. NO. 13310 
AGC-  36-l2OA 
r l ~ ~ i ~ ~ l d n l c ~ l t  1 
7 July  1964 
INS UL-ITION, RU'r3f3,47R, I3U'l'+4DIf;ilE ACRY LONI'I'RI LE, 
,I\L'I'OC:LAVE CIJLPF: f.'~IBRIC.~-?'IC'N O F  
?%is n n ~ e n d ~ i < > n t  forrns  :i ~ ~ i r t  of A e r o j i t t - G c n t b r d  Cori>ornt.ion 
D t ~ a r ~ l o p l ~ i c ~ l r  Specificat ion i'iGC;-3G4~L~.'i, 
1 3 3. -1. 1 1 I Dclc~tc and subs t i tu te :  
r2utocl:~~:c C u r e  Cyc lc  
B'u1c;ini::siion Elold I"cr icxl  - 4 r ~ t 0 c l ; r ~ c  
.i'ernr;i>rn t u r  t :  F.:in ~ ~ , ~ s s u I ' c ? ,  VLLCUI~IY; in i31:1:1kc!~, 
" E' \ ( J  . - 'vi:n ( i n ,  of I-lc $. < L C )  
--- - 
(L l inu t  cs ) 
---.-- 
.Mi11 ( p  5 i:,; ) 
-------- 
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A E R O I E T - G E N E R A L  C O R P O R A T I O N  
GODE IDENT. NO. 13310 
Supcrsccl i~lg  
r lGC-  36-120 
3 F e b r u a r y  l ?65  
INSULA'YION, R U B B E R ,  CUTADIENE: i'ICIZ YLONITHILE , 
AUTOCL-AVE C U R E  F ~ l B H I C . A r S I O ~  OF 
1. SCOPE 
1. 1 T h i s  s ; , cc i i ica t ion  e s t a b l i s l i e s  the r c q u i r c r n c n t s  f o r  
f a b ~ - i c a t i o i l  of : ~ ~ ~ t o c l a v c . - c ~ ~ r e c l  but:ictie:ie  crylo lo nit rile rubbcr  in.;;i!-ction, 
2. 1 Dt.pnrtn:c.nt  of Dcfc~lsc  d o c ~ : m e ~ t s .  - U n l c s s  o ther \ \  :se 
------- - --- - - - --* - - 
specified , the  follo\viliq doc- . - . i rn t , :~ t .  l i  ;tel! in t?lc I s sue  of t he  D ~ p ~ 1 - r -  
~ncrl t  of  Dcicnse  Ir ldes of Spcc i:ic'itit>ns and S t  i:ldartls in effect  or; the 
d a t e  of invi!;ttion for b i ~ ? s ,  shall  fo rm a par t  of this  specif icat ion to 
thc extell t spec  ifiect h e r e i n .  
SPE 
T T - h i - 2 6 1  Mr thy l -E thy l -Kc tone  ( f o r  U s e  i n  
Orgarlic C o a t i n g s )  
((;opit:s o f  clc-;c~ln)c.!it s rt.r;uirccl i)y co~:tr::c t o r s  i n  co;lnt:c:ion ~ r - i t l l  
. .. . . 
s p c ~ : ~ :  IL: ;>rc>c:l.yt>:>l ..>:I! fllr:c!i~311 s 51101.1 l,l b v  ~ ! l > t ; ~ i : ~ c d  :i:; ~ r ~ d l c ; )  :<:(I i1-1 
the Depa r tmen t  o i  i )c fensc  I:-ldcx ~.,f Spt.L:iiic-ct!io~ls a n d  i-;t:inc!:trdu ) 
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2. 2 O!hcr c1ocumi:nts. - Unless  ot l lerwisc spec i f i ed ,  the 
fo8lo\vi:ig docunlent ,  of thc- i s s~ lc  in effect  on dntc of i ~ l v i t a t i o t ~  fo r  
bids, r;lla?l for113 a par t  of this  ~ p e c i f i c ~ ~ t i o n  t  the extcnt  specif ied 
hcrdai.;~~ 
SPE ClFICATICIN 
Depar tment  of the Navy 
B i . ~ r c n u  of N:-lval IVer~pons 
P -. -- -
Insula t ins  h ia te  r i a l ,  Dutadiene 
Acryloni!r ile , I J n v ~ i l c a ~ ~ i z e d  
{Copies may be obtained f r o n ~  the procuri!lg ac t iv i ty  o r  a s  indicated 
b y  the  contrnc!irrg officer .  ) 
2 ,  3 -4erojc.t- Gcncr;il C o r n o r a t i o ~  doc~ imen t  s. - Unless  o ther -  
\vise. s pec i f i ed ,  the iollo\ving doculncnts ,  of thc 1;tcst i s suc  in e f fec t ,  
shal l  f o r m  a p a r t  of th i s  spcc i f i ca t io r~  t o  the extent  specifiec! herein.  
AGC- 3.1 15 1 Adhcsive ,  Epoxy Pastc with Axnine 
Cur ing  Agents 
AGC-STD- 3003 , Chemica l s  a n d  h4ater ia ls :  S a m p l l t l ~  
and Tes t ing  
hle thod 
. -- 
9073 S p a r k  T e s t ,  C h a m b e r  insula t ion 
3. 1 ?I'Irrte r i a l s .  - 'I'he following r n s t e r i a l s ,  or  equivalent ,  
--- -- 
approved h y  t h c  :'ic,rojct-Gencr;tl Corporat ion (z'.GC), st:;rll bc  a s c d :  
( 1 )  h4ethyl-ct!1yl-kct~11e, technical  g r a t l e  (15Ei.i) 
,... 
conforn~i r lq  to S;>cc-ificatio!~ I I'-Xi-261. 
(b) C1110r0til~i1t XU (IlOiV Cllcniical Go. , 
hi id la :~J ,  X!ici~ign!l) 
( c )  Insu!nti:lq rnait.ri;:l c o n f o r n l i : ~ ~  to Speciii- 
ca t ion  \Z'S 11 3 8 ,  i!;iss 1 ,  escc.pt tlla: tile 
bondrtbility rcquirenlent  is w l ived.  
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(d)  'Insulatin~: m a t e r i a l  c o n f o r r n i n ~  to 
Speci f ic i l t io~i  W S  11  38, cl ' t ss  2 .  
( e )  Adllesivc p r e p a r e d  b y  dissolvi l lg 22  p a r t s  
b y  weight of insLl1;ttinq material, c o n -  
fo rn i ing  t o  Specification W S  11 38, c l a s s  2 ,  
in 78  pir ts  hy ~ v c l q h t  of h IEK.  
( f )  G e r m a s  c u r e - a c c e l e r a t i n q  a g e n t  ( T h e  
Goodyear  T i r e  and Rubber  Company ,  
Akron, Ohio) 
(g) Insula t ing  xnater ia l  conforming t o  Speci- 
f i ca t ion  IVS 113s. c lass  1 ,  n~ocl i f ied  with 
G e r m a s  c u r t - a c c t . l e r ~ : i n g  agent  (The 
Goodyear  T i r e  and Rubber  Compnny ,  
A k r o n ,  Ollio) 
(h) insulat i t lq m a t c r i s l  c o n f o r r n i i ~ g  to  Spcci-  
f i ca t ion  W S  11 38,  c l a s s  2 ,  modified \ k i t h  
Germax  cure-acce!cra:irig L ~ g t ' t l t  ( T h e  
Goodycar  ' l i r e  'lnd Eiubbcr Cdmpany ,  
A k r o n ,  Ohio) 
( i )  Adhes ive ,  in a i c o r d a n c c  \v i th  Speci f ica t ion  
AGC-3415 1, type I. 
( j)  hlR - 2 2  r e l e n s t  aGent ( P e n r ~ i n s u l n r  ChcrnicsP 
P r o d u c t s ,  Griitld Hnpids,  Sl ich.  ) 
3. 2 Too l s .  - The following too l s ,  o r  equivalent , appro i red  
p-
b y  AGC, s h a l l  be u s e d :  
(a) G l o v e s ,  co t ton ,  lint f l - c ~ e  
(b )  C l o t h s ,  i:otton. c l e a n  
(c) R o l l e r s ,  s t e e l ,  2. 0 i n c h e s  ( in.  ) wide,  n3asimci-n - 
(d)  S t i t che r s ,  sc t r ra ted  o r  k n u r l e d  stet.! fnceci ,  
0.5 in. \v ide ,  r nax in~um 
(e) f lypodermii :  nctlclle 
( f )  A ~ v l  
( g )  E m e r y  c l o t h ,  -40 t o  8 0  g r i t  
3. 3 F a b r i c n t i o n .  - 
-.- 
3. 3. 1 Mold prepiirnt lon.  - 
,--. 
3. 3.  1. 1 e a i .  - The  lx~ i l~ l i r lg  n~ol t f  sh:tll be clc:+:led s o  
--- - 
t h a t  i t  is free of X I !  fi,rt:i<n 1 1 1 ~ i t t ~ > l -  i3y \ v i p i n p  \\.,ti1 c l ~ t ' n  \x.er uv:t!l <hls:t?- 
theili: N U .  A l l o ~ ~ ~  the n>olcl to d r y  11::til a l l  tract. 5 of c h i o r o t h c r ~ c  :L:LT i:;:ve 
ev:!pc)r;?ted. 
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3. 3 ,  1 .  2 hloltf rc.lcnse nyjj1ic;ttion. - If a. mold r e l ea se  ~ g c t ~ f  is 
--- - -- - --- --- 
tlc,c.lrici.l  ncct\s!;nry, thc: s t ~ r f a c e s  of tlit: mold.to which the ~il~vulc ' l t l ized 
insil1;ition ~11.ileridl is tc) Lt) .xpplied sliil.11 be coaled v;ith hlK - Z Z  :-clease 
a gcbnt.  
3. 3. 2 Insulation l ayup  procedure.  - The fol?o\Eing procedure 
--- 
s h a l l  "o used  to layup t h e  illsulation mater ia l :  
(a)  The layup sha l l  be made with multiple plies 
of patterned pieces  cut f rom insulation 
m a t e r i a l  conforr17ing to Spccificatioll W S  11.38, 
class 1 or  clrtss 2. The pat terned pieces  
sha l l  be c u t  f rom m ~ ~ t e r i a l  that is f r e e  of a l l  
defcc t s such as  wrilikles , voids ,  delanl i r~a-  
t ions ,  or  foreign rncltter. 
(b) The edqes  of the p a t t e ~ ~ l e d  ~ i e c e s  hall  be 
skived o r  scarfed a t  a n  anqle of 25 + 5' to 
- 
the s u r f a c e  of thc picces.  
( c )  A 2 1 s u r f ; i c c s a n d c c i g e s o f t h c u n v u l c c r n i n e d  
patterned r)icct:s t h ~ t  Tire to be m'ttcd sha l l  
be scrubbcd v-ith clean cloths that a r c  
dampc t~cd  ~14th bIE2k ' .  C a r e  shal l  be c s c r -  
cised i n  all s u b s c q ~ l c ~ l t  operatiotls to prevent 
contamiilstion of thi. scrubbed cdces  and 
surfaces. ?'he surf;iccs of the u:lvulzanizcd 
m a t e r i a l  sfla11 be Imffcd with a \\?ire brush  
within 7 2  honrs  before .  or i ~ n m c d i a t e l y  a f t e r ,  
scruhbi,lo, v;:th TL!E;I*;. 
(d) The scn lbbc  I ,  patterned pieccs  sha l l  be used 
in the !nyu? \ilthi:l four t i o i i ~ s ,  but not until 
a l l  t r a c e s  of > l E K  h ive  evriporatcci. 
( )  i \ s r ;erni~l t?  the f i r s t  l a y c r  of thc i~lsulat ion 
p icccs  i n  the mold,  usi i lg  stet.! rol lers  havil:g 
a width o f  r;o nlore than t i n . ,  to expel all  'lir 
f rom !)et\\,t?cn the li3.t tcr11t.d ; ~ i e c e  s and thc 
111old. 
( f )  Stitch : ! ~ e  joi:its bctuvce? picces  \ i r i t h  s tec l -  
facet1 r o l l e r s  hav i~ ig  a width of no  m o r e  than 
0. 5 ill. 
( )  I f  an a i r  buhblt: es is ts  that is too far f rom the 
edge of an : : ~ s ~ : l s t i o ~ ~  piece to I-emovc \vi:h a 
ro l ler  o r  s t i t c h e r ,  I L S C  n l\ypodcrrnic t ~ c c d l c  or  
awl to punc:a:ra the : : ~ S > ~ I ~ L ~ ~ O X L  i~ : ; i !~r i '~ l  a! 'is 
srnnll ;in c ~ I ~ q l t :  t o  the ;::s~il,itior~ su r idcc  as; 
possible .  R t n \ o v c .  t?lc tr;l?pcd a i r  a n d  s!itc!l 
the  a r c ~ r .  of tflc 1;:iilc turcb tllorou:;i~!y. 
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{11) H t n p ~ . t t  sterjs ( c )  thr011t;h ( $ 1  k~rltil the 
rtr.quirt.ci lsyxlp kllic klic s s  is obta ined .  
(i) T11c c!ist;c!lzc l>etwccn joints o r  sp l i c c s  
of thc pattcr:lcd piecos  in adjnccnt  p l i es  
sha l l  be 2 in. , rninimlim. 
(j)  Thc p ; ~ t t c r r ~ c d  p ieces  a r c  to be pl:iced i n  
the nlold iil S U C ~  a m a n n e r  that  t h e  !;irgest 
p i ece s  a r e  u s e d  in the :ast ply p laced  on 
the Inyup. 
3. 3. 3 Vacuum b l a l l k ~ t  ~ r r o c e d ~ l r c .  - 
-- - 
3. 3. 3.  1 R l c e d c r  cloth.  - . The oute:.most ply of the iayup 
-..-- 
s h a l l  be con ip lc te iy  c o v e r e d  -,x.-ith a b l eede r  (:loth ply. Thc Lb!eeder 
c l o th  m a t e r i a l  i:; to be ctlt irlto patterned p ieces  and p laced  over  the. 
layup in s u c h  a r n a n n r r  that the:.? arc no w r i n k l e s  in t h e  cloth.  Sq( r i re  
woven co t ton ,  ! ~ y l o n ,  o r  f i b e r g l a s s  f ab r i c  is to  be u sed  f o r  the b1.ctder 
ply. The c l o t h  sha l l  be coatecl wi th  a r e l e a s e  a g e n t  xvhich xvi l l  fs.ci?i-  
tate renioval .  of tile c loth  zfter vulcanization of the insulation mater ia l , ,  
without coiltctmin~i tin2 the m a r c r i a l  su r face .  
3. 3 .  3. 2 V n c u ~ i m  \>!;~nkei. - T h e  lay-up a n d  the b leeder  ply 
- 
s h a l l  bc c n ~ ~ - ~ p l c t c l y  c ! ~ c a ; ~ s u l a t e d  in a vncutlln blanicct of n d t u r n ?  o r  
hu ty l  r u b b e r ,  1 / S  to 3 / 16 ir,. thick. At l ea s t  one v z c u u ~ n  port  i s  to  
be ins ta l l ed  in thc vacuum blanket. It sha l l  bc so  located and con- 
s t r ~ t c t e c l  t l ~ ~ t  the h l cede r  c lo th  ;nd \ ~ n v ~ i l c a n i z c d  insula t ion m a t e r i a l  
wi l l  not be  d r a w n  Into the por t  opcning. 
. . 3. 3. 3. 3 Ev:ic:~atio~i. - A vacuum of 20 in. of m e r c u r y ,  mln:- 
mlzm, sll;r!l be z ? l ~ l i c d  : ~ t  roolrl t c rnpe r - a tu~c  to  the unvu!crinii.ed 1d57,rp 
f o r  f o u r  hot l rs ,  rr;inirn:~rn. ,Any c!etcct;ib!t: l e a k s  in the n s s c ~ r ~ b l y  sh:i!B 
be repairecl  p r i o r  to vulc:?~lizntioll. 
3 .  3.  -1. 1 --lutoclar-e c.-t.rrc cycle .  - T h e  insula t ion mzter ia l .  shal l  
--------.--. 
be v u l c ~ l n l z e d  u n i i e ~  til t :  c n ~ ~ d i t i o n s  s p e c i f i e d  i : ~  t;il>lc. I. The vu!caniza-  
tion t c m p c r n t ~ ~ r e s  n:l!st h c  ~nnint ; t incd .2: t!le c c n t c r  of the t i ~ i c k e s t  
por t ion  \ ~ f  t he  i n s \ l l ; i i i i \ i ~  ~-natt:ri;il f o r  l c s s  th;ir? the spcc i f i cd  hold 
per i i~ i l .  1 ilc I I I , , ' L . R ~ ~ I T ~  t * : ~ n ~ l c r - i r u r e  o i  t!lc hc :t t::::; n ~ i > . , j : x  si?n:l :I%.: bc 
11-1ore than 25  " E' above t h e  r e q u i r e d  vulc3nizatior, tcrnper,t::iri.. 
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Table I 
~ u t o c l a G e  Cure  Cycle 
! ' u l c :~~~ i :* . i~ t i~n  I-Iold 13eriod Autoclave Vacuum in Blanket, 
"rera;~)e r.iitt11-c LM in P r e a s u r e ,  M i n  (in. of Hg Vac)  
$ "  F) (hf inute -.-- s )  hiin (psiq)  
3. 3.4. ,: Cure  c y i l c  verific;ition. - Each autoclave c l l r e  c y c l e  
- -- -- -- 
slac191 bc vel-i:ic:d by incluctir:~ a test  block of insulation m a t e r i a l  con- 
f o ~ - r ~ ! i ~ ~ g  to Spe:<iicntion W S  11 38, c l a s s  1, with each  insulation com- 
p o r ~ c t ~ t  durirln, ~ : ~ ~ l c : t r l i ~ n t i v ~ ~ .  ?!lc test  block sha l l  have a tilickness e ~ j i ~ a l  
to, a11(:1 L:. \ i r i i l t k  qsc;ittbr t h a n ,  t h e  n!:tsin~um thickness of the component 
Y>ei~:? c u r e d .  'The t c s t  block sli.ill bc prepared  s o  that it is exposed to  
",~c s:im c on~.iitions as the ins~t lnt ion component dar ing  vulcanization. 
rhcrn incouples  lot;-ted a t  the ccn te r  and a t  o ther  posit ions inside the 
test I>lo<.!i shrtll bc n>oni:orcti rind the t c n ~ p e ~ n t u r e s  r eco rded  through-  
out tl l i .  c u r e  <-ycle, The t e s t  block sha l l  be sectioned a f t e r  con~ple t ion  
of thc  curt. cv4:ic. The Shore "-4" h;irdness at a n y  point in the t e s t  block 
s l~akl  be 7 4 ,  rrlnin~r:m. 
3.  3. -1. 3 k7ois t r~rc  tes t  COLIDOI:. - I ~ l c l ~ ~ c f e d  with each insulstiotl 
.-- 
c csrnponcnt riurinr: ar~t~,clnvcr c u r i : ~ ~  shal l  h e  '1 2 in, by 1 i n .  by  0. 5 in. 
e oupon of insul3:io11 r n ~ i t e  r ia i .  E'oilowing completion of the c u r e  cycle ,  
t h c  colrpon sliri!l b e  t t 's tc~! :O Jete:-n;i:~c the \vt.icrilt l o s s  v.-llicil occurs  3 
. . d::i:;:iy - a 12-ilo1ir i..c;,osurc I,> 6:-y :i:r i n  an O \ . ~ I I  a t  212 f 10' F. If a 
- 
p o n d i n ?  i n s ~ l ! s t i u ~ :  co~llpone!:t nlus: bft d r ied  b y  a 12-hour e sposu rc  to 
dry 2 l . r  a t  2 1 L  + 10'  F. 
- 
3. 4. 1 i n  - : l i ter  vulcanization,  the insulation com- 
---.-- 
poncnt sha l l  b t x  trinlnltbd to the final dimensions in accordance  with the 
3. 4. 2 Cie.-t:li:~g :tr14 sIJ-r:tdinr?.. - .After ren:oval f rom the  mold,  
--- 
the i~ast~l;:tion con~!~one: l t  sil,\i! b e  c:ea:icd by wlpfng lv i th  a c lean cloth 
rirrnapcncd with h,lEL. Donrfing s ~ ~ r ! ~ i c e s  sha l l  then be abrddetl xvith 
-10 t,, 80 g r i t  ernt.1-y c!oth and c l c ~ t i ~ ~ d  1:y  \ v i p i ~ : ~  u-ith a c l c n ,  d r y  c io t ?~ .  
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3. 4. 3 Finishcci  pa r t  n c c e V  tanci , .  - A f inished p a r t  is acceptnhle  
---- - -.- --.-A?.--- 
w i t h  su:.face i~x~pe l . fcc t ioxs  rne ; t su r in r l  u p  to 10 p c s c e n t  of the par t  t h i c k -  
n e s s  if th i s  10  percen t  dir:lt.r~sion docs  not excecc! 0, 18  in. Tlre f ina l  
t l i ic2:nt~ss,  a s  m c a s u r c d  f i -o~n t h t  h c ) t t o ~ i ~  of the irr~pcrfection to the other 
s ~ i r i a i e ,  cannot be le  s s than  the  n~irlir:lum aypl icable  drawing r cqu i r e -  
rnellt. r! finis ' t~cd px r t  1s one \xhich has  been curcd ,  o r  c u r e d  and 
t r i r ~ ~ n i c d ,  to f;nnl cllrne~lsion. 
3.4.4 Repa i r ,  - Othe r  imper fec t io~ l s  s h a l l  be r epa i r ed  as fol lows:  
--- 
3.4. 4.1 F'1-cr)a:-ntion of: repair  arc;%. - The a r e a  of the i r t ~ p e r -  
-. 
fection sha l l  be prcparcd  '13 fol lows: 
(a) S c r l ~ b  Cllci~ctivc al-ea with a clean cloth 
dampened with hlEEa<. The  clearled a rea  
shall  include the a rea  lip to at l e a s t  1 in. 
f rom thc crires of the dcfc.ct. 
(b) Allow the a r e a  to  t'l1.y unti l  all  t r a c e s  of 
MEK have cvavora tcd .  
( c )  If the  condition is a c u t ,  couyc, o r  
dep res s ion ,  a l l  defective por t ions  of the 
par t  in t h e  a r e a  of the c o~iclition s h a l l  be 
rernovcd by a b r a d ; n ~  v..ith 40 to 80 g r i t  
cn i e ry  c lo th ,  
( d )  If the condit ion i s  n b l i s t e r ,  c-ut away  
the b l i s t e r e d  s u r f a c e .  R ernc~ve a l l  
defectlvu por t ioxs  of the p a r t  in the a r e a  
of the void L y  a b r a i l i n ~  \$it11 40 to 80 g r i t  
e m e r y  c lo th .  
( e )  If i k c  t1cfec.t is a n  i i ~ c l u s i o n ,  cu t  away 
only t he  r a t c  ri;l r?cccs .s;try to renlove 
the i~lclusicin irorn the 11czrest  su r face .  
( f )  Henlove ~ ! i u u q i l  n , ' l t c r i ~ i l  to  fac i l i t a te  
layup of t i l e  rt:;)air m,i tcrinl .  The 
c a v i t y  siln!i be f a i r ed  to  nn angle of a t  
l ea s t  -45" to the f r ? ~ ~  of the plirt and 
n!~r.lticd with 4 0  to  80  g r i t  c n l c r y  clottl. 
(?)  Scl-\tb the: c : ~ t 3 ; l  of t h t  p a r t  which was 
abrarled i n  ( c ) ,  ( t i ) ,  o r  (i) 1 ~ 1 t h  a c l e a n  
cloth d ; ~ n : p ~ n c d  \x i !h  h1EK. 
(h) i\llo\v tlit. art',: to d r y  unti l  a l l  t r a c e s  of 
M E K  11:rvc evrtpornt~.d. 
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3 -1. 1 .  ! I lc :~ , t l r  x-nt*tE~o<is, - 'L;LYUP and c u r e  of n2aterinb in the 
- L -  - 
p r e p a r ~ d  a r c a  r ; i ~ . i l l  Lc acc-t>rnplislat.? by  one of t l ~ c  nz~cthods outlined 
beio\v. i\GC -Ii,;,rc,v.il oi :11e r c : , a i ~  method to b c  used  rnus t  be received 
%,y t h ~ .  supp l i e r  p r ior  to  iixitiiitic-.~~ of a n y  r c p a i r  procedure. 
3 1.4. 2 ,  1 A i r - c ~ i r i n n  method. - The procedure  for  completing 
- - - - - -  5 ---- 
the repair by t!lc a i r -c~: r i t lg  rnckhod sha l l  be as  f o l l o ~ s :  
(a) hlix 100 p a r t s  b y  weight of the 2dhpsive 
specified in  3. 1 ( c * )  with 2. 5 p a r t s  by 
weight of G c r m a s  cu re .  accelernt inf :  agent. 
(b) A p p l y a m i ~ ~ i m u m o i t w o c o a t s o f  the 
zidhesive to the nb r .~ded  a r c a  of the pa r t ,  
( c )  D r y  :he adhesive coat until a l l  t r a c e s  of 
h4EK have e v n p o ~ a t e d .  
(d)  The adtlesivtt-coated a r e a  of the pzr t  sha l l  
bc filled ~v i th  p l i c s  of i~lsulatior,  ma te r i a l  
to wtlic1-r G e s m a s  cxr i l - lcce le ra t ing  agent 
h a s  been added. P a r t s  fabr icated f rom 
m a t e r i a l  c ~ l l f o ~ x ~ ~ i l l o ,  to Spccificntiorl 
W S  11 38,  c l a s s  1 ,  shal l  Lc re:>aired us ing  
the ma te r i a l  specifled in 3 .  1 (s) .  P a r t s  
fabr ica ted  f rom m;itcriL:l conformi!lq to 
S p c c i f i c a t i o ~ ~  M'S 11 3 8 ,  cl'iss 2, sha l l  be 
r eps i~c l . i  usiilg the. ~natc; i , t l  spcc i f i cd  in 
P > 3. 1 (h) .  l he r epa i r  r n i ~ t e l - i ~ !  shrill be pre-  
. pared and h i d  i l l  place :~ccord ing  to the 
layup procedures  in 3.3. 2. 
( e )  Cnre  tiltk 1-ix--i;iir 31-t.2 lll~tier* 'i \-acll:lnl of 
2 1 in. of rncrcc:ry, miilin;il:n, for tv.-o 
hour s ,  113inirnurn, , i t  190' F ,  rnilii1nulr7, o r  
cure uncler 3 prc.;sure of 10 ;;ol~ncls per 
squa re  inch (psi), n~ir , imum, f i t?  ~\~:o hours ,  
n2irlim1un, at 1 ?OO F , ~ ~ l i n i l ~ . ~ ~ i r n .  
3 .  -1. 4 .  L .  2 Xicc7tix2 i ~ o : l  ~ 1 1 r e  n?etha(i. - The procedure fo r  com- 
-------- -- 
1;Sctin; thc r t a ~ ~ n i r  b y  the ili.:ltii~g i r an  ~nethoci shal l  be au iollo\vs: 
( '1)  App!y a rnil l in~um of t \vo coa ts  of the 
a r l h c s i ~  e s;xcific>d in 3. 1 (el to t h e  
abraticd itrc;i ol tile :)art. 
( )  D r y  the  adhesive coat  until a l l  t r , ~ c c s  
of ?.IEK have  c s ~ i ) o r b i t c d .  
Page 42 
Appenuin B 
i lcrojc t -Gene s a l  C o r p o r a t i o n  
LJGC- J6420Lh 
( c )  F'Xie ,rc"lhesiv:s :oritel a rea  shall. b e  f i l l e d  
ni t11 plies of matorfrrl of the same speci- 
f ica t ion a s  the  p'irt. The  repair  m a t e r i a l  
sha l l  bc pre;:rircd and laid in  p lace  acco rd -  
i ng  to the layup p r o c e d i ~ r c s  in  3. 3. 2. 
( d )  The repair siinll be c u r e d  by  u s e  of a heat-  
ing iron t t  a t e m p e r a t u r e  of 300 + 10" F. 
- 
unde r  a p r e s s u r e  of 10 p s i ,  rninirnnrn. 
T h e  reqriired c u r e  h-irn€ i s  g iven  i n  table  11. 
Table I1 
Heating I ron  C u r e  T imes  
D e p t h  c ~ f  Cavi ty  
(Ill. 1 
-- 
Up to 118 i n .  
1 / 8  to  1 / 4  
1/-1 t o  112 
1 / 2  to 3/1 
b i in  C u r e  T i m e  
( H o a r  s )  
.---- 
3 . 4 . .  3 P r e c u r c d  r e p a i r  metliod. - The p rocedur r  f o r  
- -- --  -- -  - - - - - - -  
cofnpletill~; the r e p a i r  b y  the ~ ; r e c ~ l r e : !  r~ le thod  shlill  be a s   follow:^: 
(a)  Obtain 0. 030  ~1:d C.  080 in. t h i ck  pa tches  
of cure t l  insulat ion material of t he  same 
specification :is t hc  p a r t  to be r e p a i r e d .  
(b) Preyxirt- the pntchcs  for l , ? y ~ ~ p  c c o r c l i l ~ ~  
, - to tllc ~ r o c c c i u r t ~ r  oi 3. -1. L .  
( c )  P r e p a r c  the 'i2:lcsive spthcilied in 3 ,  1 ( i)  
b y  n:ixirlq f c ) l ~ r  ;):I r t s  b y  \~ ;c iqh t  of the 
P a r t  A p ~ s t c  \v".11 one pa r t  by weight of 
the I ' a r t  E ctr r i t lg  a!:ent. 
( t l )  If t h e  dcntil of tilr sbra t led  a r e a  of the 
part is 1~:;s t!isn 0. 080  i:l. , the surface 
of !hc .tbr.ideci arcc? sha l l  be coa ted  v. i t h  
t h e  ~~dhcs :ve .  1\11 G .  0t;O in. t h i ck  patch 
p r ~ ~ n ~ - e ( I  a s  ~ I I  !Q)  sh:+ll be p!;ced ovc r  
the tlefcct,  v . i t l l o ~ ~ t  i r a p p i n ~  ail- beneath  i t .  
(c) If the c l cp tn  of the abradc.1 a r e a  of the p a r t  
excccds  0. 080  in. , t he  dcfcct  shal l  be 
f i l led \.i.ltll 0. 030  ,inti 0. 680  in. t h i c k  patches  
I-"c;);uc~ ns  in ( b ) .  !:nc!l p i ece  of z ~ i r c c i  
m,ltc:*i,~l is t o  be to:ldcd to  the ;l<irt .ind to 
the adj ' tccbnt ~ ~ i c c c s  ~vitll t ! l ~  a(lhC s ivc of (c). 
C a r e  s h a l l  b e  t,tkcn to avoicl t r x p p i n ~  n i r  
bct\veen plit 's,  
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(i) The r cpa i r  s i ~ n l l  bt: cu red  f a r  s ix  h o ~ i r s ,  
nlinin-urn, a t  $ 0 "  F ,  minimum,  and 18 
p o ~ ~ ~ l t l s  per  sqtl;irc: inch,  gaze, minimum. 
r l  check s r=~np le  of thc rrlised adhesive 
shal l  ljc esposcd to t!le s a m e  t empera tu re  
environrnc!lt z s  the repciir ayes during 
C U T ~ I I ~ .  ?'hc cu re  cycle i s  not to be  te rmin-  
a ted until the atlhcsive sample  has cured. 
3 4.4. 3 Fi;lisliinr: the r epa i r  a r ea .  - The m a t e r i a l  in the 
- .I -- 
rcraai-. a r c 3  s h  tl!, if n e c c s s , t i - y ,  be ~ [ r ~ u r l c l  af ter  c u r e  s o  that  the 
s. i : r$ncc of r11e :-cpair rnateri~il is f lush with the adjacent m a t e r i a l  
sur6.3ct. 
3.5 D;rnit::sions. - The insulation  art shal l  conform n.i!h 
-------- 
the ciirncnsional rcqui rcments  of the applicable drawing, 
3 . 6  Insulation defects.  - 
(3) T h e r e  s113!1 be 110 holes in the cu red  boots 
and  c y l i ~ i c ! r i ~ ~ ? l  section i~ l su lc~t ion  when 
sp;irlc tested i:i ;ict:t-~rrlaricc n3th -1. 1. 1. 4.  
(b) 'I'ht. c:ir.crl. (:y!indrii.;~I sect ion insu1:ttion 
sllnll hci.crc. tlo 21oles. b l i s t e r s ,  o r  c u t s  
deeper  tI1p.n 1 0  pcrccnt of tile par t  thick- 
n e s s ,  no tllirl a r ca s  l e s s  than  0. 10 in. 
t h i c k ,  and no f o r c i ~ t l  m a t e r i a l ,  except  
asbestcis n ~ g l o i ~ ~ ~ r a ! e s .  
) 'Ihc for\~la.,-f!; .I;: 2nd n o z x l c  insu1;ition 
corttponcr:ts sli~!l sj:ow no -,.aids o r  
dc1sn~i:lat lons \7!11tbt1 X-rayed in a c c o r -  
dance w i t h  4. 1. 1. 4. 
-1. 1 E'nbl.Iiritnrs rt:sunns:i!~i!itv. - The fat>ricntor shall  be 
-- -- -- -L- -F. - 
respell :;ib!e fcr  ihc ~t~ricl:-~:~,t!:~:e t>f ;;I! !he ~ . r o c c s s i n g  and i i lspe~ti011 
. .. 
: - ~ ~ ~ i i ; - c ~ t ~ - t s  a s  s;.cci:iztl h::!-tti!~. 'I'ilc i~ ib r i i ; i t n r  m a y  ut i i ize  his 
a\\-;I o y  ;111y c:thcr i ! ~ j ; ) e c ~ i c > n  f;a.cllitics ;in!l s c . r 7 . ~ i i ~ s  ;~cctpt; iblt :  to the 
:!r oi-i: :-i~lci  ~ c t i v i t y .  F'r:.ct:ssi::c rc<cr:!s 2112 illu~,t?c!io1-1 r e c o r d s  shrtlt 
bc kc?!. r:orl~;>lc tc: and svaila1,lu to tile procuring activity.  
P .  
-1, 1. 1 I::~:;~c.c:i:)n ;.!~irinr r:roc:r!;s. - I lie fn?>ricator  sh?.ll 
- -- --i--. .- - - --. - . .- - 
. . 
a. s t i ~ b l i s ! ~  ;ind 1:::iii:tr:.1:1 ;~:j:,tc ti311 ;it :r;);:ru;>ri,~t~?iy located  ~>oints i n  
the  process to v c r i f y  compliance v i t h  t h e  rccl\!ircn-.cilts of S C C ~ ~ O I I  3 .
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4, 1. 1. 1 C l ~ r e  C Y ~ :  l ~ ,  1-erificktinn. - Test  b locks  r equ i r ed  in 
,- . - .- L .- .- ---- 
3. 3.4. 2 shx l l  1,c s o  identif led ,.ts to pe rmi t  positive t raceab i l i ty  to  the 
compo~ler l t  bcirlg c u r e d .  
-1. 1. 1. L hloistr irc t e s t . -  T e s t  coupons r equ i r ed  i n  3. 3. 4, 3 
...---- 
s h a l l  be ueiqhed, to thtl nc?;lrest 0. 001 g r am f>efore  and  after  I t - h a m r  
over1 e s p o s u r o ,  and weiqhts recorded .  T e s t  coupons sha l l  b e  so 
ident i f ied  a s  to p e r m i t  posit ive t r aceab i l i ty  lo the  cornpollent being 
c u r e d .  
4. 1. 1 .3  P r ec t l r ed  ~ c p a i r .  - The  check  s a m p l e  of mixed  
- 
adhes ive  e lnplcyed to d e t c r n j i ~ l e  c u r e  tirne i n  3. 4.4. 2. 3 ( f )  sha l l  be 
c  ons idcrcd  to  be c u r e d  \s;hcn tile s smp le  i s  solidified. 
4. 1. 1. -1 T e s t s  for inslllntiot.1 dt,fcct:;. - Tllc following tests 
-- 
sha l l  he employe,l  to dc te r~r i i i l c  !he locat iol l  and acceptabi l i ty  of 
insula t ion defec t s :  
(a) Spark  t c s t s  in act-ordan-e with S tandard  
AGC-S'l D -  3 0 0 3 ,  metlrocl 9073. 
(b) X-ri iy i : ~  accord:ince with S tandard  
-4GC-STD- 3003 ,  mcthocl 9074. 
4. 1. 2 P r n c c -  ; s i n n  ~-h;~nrrc*s. - 'The s ~ ~ p l ) l i e r  sha l l  m a k e  no  
----------- -- 
cha:~gc:s i n  ?rocc.ssi~it;! tcc!i!~.i:!l~~~s; clr  o ther  f a c to r s  affecting the qua l i ty  
of tllc protiuc t ~ ~ ~ i t h o l ~ t  pr ior  approvLil  of -\eroje t -Genera l  Corpora t ion ,  
5. Pli E.I-'AII -17 ION F O R  DTYLI?'EH Y 
5. 1 T h i s  sec t ion  i s  not ap1:lisnblc to th is  speci f ica t ion,  
6 .  NOTES 
6. 1  This  sect ion is not a p ~ l i c a b l e  to this  specif icat ion.  
Authorized for Re l ea se :  
Spcc jfic a tions and S t anda rds  
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@eroiet  nolld propuirlon sompany 
QUALITY EWGIN EERING DIRECTIVE 
S U P E R S E D E S  
UL'lBASONIC INSPECTION, HUBI3ER TO 
STEEZ BOND, 260 INCH FLEXSEAL PROGRAPi 




Thirr d i rect ive  estsblishes the procedure to be followed i n  the inspection of rubber ta s b e l  
bonds i n  the 260" Flexseal using contact pulse/echo ultrasonics a t  the exposed rubber ewfmaae, 
on Sonoray, Sperry Reflectoscope, or  equivalent ultrasonic instrument 
3.5 Mc Lithium sulfa te  transducer, 0.5 x 0.75 " 
~ond/unbond semple 
M s t i l l e d  water 
Sponge and/or clean cloths 
3. PRWEIXrRE - SETUP  ranso son Sonoray) 
3.1 Plug the instrument in to  a U O V  cu t l e t  
3.2 Attach the transducer t o  the "pulser" jack on the instrument with the appropriate 8seweh 
cable. 
3.3 Turn the power switch to "OH" and allow the instnucent to varm up 10 to 15  ininutes. 




Reject 9 o'clock 
Coarse Gain D 
Fine Gain 04 
Rate Gen. 12 o'clock 
Range Mult. Slow 
3.5 With the iwtrument varmed up: 
3.5.1 Adjust DELAY control t o  place the i n i t i a l  pulse a t  the f i r s t  l e f t  vctrdieaJ grid  
l i n e  on the scope. (Figure 1 )  
3.5.2 Using d i s t i l l e d  water a s  a couplant, place the transducer on the rubber swface 
of the bond/unbond sample over an area known to be bonded. If necelssary, &just 
the FIKE GAIN control u n t i l  the scope presentation extends t o  the r igh t  ve r t i ca l  
gr id  l ine .  ( ~ i g u r e  2) 
3.5.3 Place the transducer over an area of the sample known to be unbonded. Note that 
the scope presentation is reduced to three major pips a s  i n  Figure j. Adjuat .  
E and FINE GAIN controls to obtain maximum different ia t ion between bond and 
unbond signals. 
4. PROG - INSPEZTION 
Place the ultrasonic instrument and an ample supply of d i s t i l l e d  water inside the c i rc le  formed 
by the steel/rubber r ing of the Flexseal. The instrument should be mounted on a wheeled c w t  
or  table at a height that affords easy viewing of the CRT screen. The couplant (distilled water) 
should be used d i rec t ly  from the bot t le .  
Slturab a sponge or  pad of clean c loth  with d i s t i l l e d  water and wipe a mall area of %he raabbea 
surfme, leaving a s  much water on the surface a s  possible. Sweep the transducer over the mis*nedi 
i n  both the ve r t i ca l  and horizontal directione, adding d i s t i l l e d  water a s  ~ C ~ B B W  tm man- 
t s i n  acoustic coupling between the face of the transducer and the surfece of the rubber ,  As each 
an. I s  completed, wipe the rubber dry with a clean c loth  o r  sponge. 
A D I V I S I O N  O F  A E R O J E T . G E N E R A L  @ 
Page 1 
Appendix C 
.- -- QUALITY EHGlHEERIWG D l R E C T l V E  
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rn-kOL 
P A G E  O F  P A G E S  
2 a 
I n q C t  We entire ring in Lhf er, a& m c o d  tho 1 aadi size of ,i1 unbonded ares8 
on a wp of thC ring. DO Elm El TP3[E: WIRIpcbCE OF TBE Docwnt sll unboadied areas on 
an Impsetion Report. 
A D I V I S I O N  O F  A E R O J E T  G k N E R A L  
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sollel p k o p W r l e m  c ~ r r p p a m y  
QUALITY EW @IN EERlNG DIRECTIVE 
Q E D  NO. 
LRU-102 
1 D A T E  
AUTOMATED ULTRASONIC INSPECTION (C SUPERSEDES 
OF ELASTOMERS FOR EVALUATION OF IWT 
DEFECTS 
T I T L E :  I 
J ~ R O O U C T  A S S U R A N C E  D E P A R T M E N T  I 
- 
1 3  April  1970 
Ti-iis procedure defines tbLe use of one type of pulse-echo u l t rasonic  equipment t o  de t ec t  i n t e rna l  
voids and delarninations i n  the shee t  rubber components f o r  use i n  the 260" Flex-Seal. 
Car I. L ss-SJr lght  Immerscope, Model 42411 
Alder1 Helix Recorder, Model 319CA 
Aucom,~tion Indus t r ies  Ultragraph, Model 1047 
iinmers~on Tank wlth Bridge and Carriage - Automation Indus t r ies  
Plexrelass t r ays  (54" x 18" x 3") with supports f o r  mounting i n  Immersion Tank 
15 Mc , medium focus Lithium Sul fa te  Transducer, 0.75" diameter 
DrsCl !led Water 
Fotof Law Solution 
btandard Samples - 6" x 6" (2 )  
3 .  HiOCEDURK - 8EXW AND OPERATION 
a, h r n  on power supply t o  Ilnmerscope and Ultragraph. Allow 15 minutes f o r  warm-up. 
b, Set  controls  a s  follows : 
Frequency 













C o ~ t r a s t  
Gate delay 
Ga"k width 
In t ens i ty  
S e t  f o r  pos i t i ve  recording 
Eridge and Carriage 
- 
~ i n e s / i n c h  
Bridge speed 
tie l ix 
Carriage 
Carriage speed 














12 - 12.5 
17 
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A E R O ! E T - G E N E R A L  C O R P O R A T I O N  - 
I A C R A M € N I O  . C A L I F O R N I A  I g t POHT NO-7 ,, 
i 'A ( . f  O I  
-- - - - - - - - -- - -- - -- .------- - I -- - 
SUBJECT 
LSj2 Fh 5 & * 4 L  dd4.L Y'je/j- j k!! V O ~  /J~/A/7- 
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BASED od IHF PkOERr/m OF A P L P ~ / ~  TR/RA/~LE ( M U ~ O A / Y  THE- 
m c , ~ e e '  MAA/URL ) A d  AIL TERnlA7-E- M&77AoD '%=- ComPL',P/4JG Y&., 
ts As F ~ L L O W S :  
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S A C R A M I N I 0  . C A L I I O R N I A  
AGC~-0800-1  1 
SUBJECT LSR s E ~ L  DATA &~&LYSI.T +! P/ go?- F ~ M T  
- 
P A G t  0 )  
O A T  E 
D A T E  BY 
" 
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A E R O J E T - G E N E R A L  C O R P O l A T l O l  
S A C I A W E N T O  . C A L I I O D N I A  
/9 CPL c & L , 4 ~ /   on,'^ 
YE, + YE,-, 
- - & -
YEw + YE,  .: :X3Zw-t)L - ( K L ~ ) ~  
'i3k = --_-____ -_ 
2 2 2. ( ' 9 ~ ~  --%!r fi ,; 
VFb- )"Fa-\ T H E  5 L  OPK C3yr Lf/II&- pa-, re = /Yr = 
X F Y \ - X F W ~  
OATE B Y  
5; J. B R O ~ / A J /  
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ACTU &To R 
THE p! AND Y cao/eD/NArCS ,424 B//L'~$ f i , f i ,  Go $ C /  ARC 
??!@/DL m M E  7tZiF R ~ / O  ,W€ New CDORD/A/A~"ES @f= End F0 # p& A&/ 
CALCUL&T;E'D F%?Dfl -7 93 Sh/OWM P%?Fb'//OUSLY. D \ r 4 € n S s p ~ ~ J  F G  
I S  ALSO MEASUPZU P R I O R  7% l3E:  TFST T"A (3 tS C O A J S I D € R & ~  ff X E D  
G o  
p AAGCE ,&? Wr L L  85 DE;~ERF/ , ;~~EL)  ?Kl/o/& -9 
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